Amélioration des Performances de la Commande Directe de Couple (DTC) de La Machine Asynchrone par des Techniques Non-Linéaires by Abdelkarim, AMMAR
ةيبعشلا ةيطارقميدلا ةيرئازجلا ةيروهمجلا 
République Algérienne Démocratique et Populaire 
يملعلا ثحبلا و يلاعلا ميلعتلا ةرازو 
Ministère de l’enseignement supérieur et de la recherche scientifique 
 
 
Université Mohamed Khider – Biskra 
Faculté des Sciences et de la technologie 






ةركسب رضيخ دمحم ةعماج 
ايجولونكتلا و مولعلا ةيلك 
مسق ةيئابرهكلا ةسدنهلا  
:عجرملا……….. 
 
Thèse présentée en vue de l’obtention  
Du diplôme de  
Doctorat en : Génie Electrique 
 
Option : Commande des systèmes énergétiques 
Thèse préparée au Laboratoire de Génie Electrique de Biskra LGEB 
 
 Amélioration des Performances de la Commande 
Directe de Couple (DTC) de La Machine Asynchrone par 
des Techniques Non-Linéaires  
 




Soutenue publiquement le :  29 Juin 2017 
 
Devant le jury composé de : 
         
Dr. GOLEA Amar Professeur Président Université de Biskra  
Dr. BOUREK Amor Maitre de Conférences ‘A’ Rapporteur Université de Biskra  
Dr. BENAKCHA Abdelhamid Professeur Co- Rapporteur Université de Biskra 
Dr. NAIT-SAID Mohamed Said Professeur Examinateur Université de Batna 2 
Dr. NACERI Farid Professeur Examinateur Université de Batna 2 
Dr. BETKA Achour Professeur Examinateur Université de Biskra 
 
 
ةيبعشلا ةيطارقميدلا ةيرئازجلا ةيروهمجلا 
People's Democratic Republic of Algeria 
يملعلا ثحبلا و يلاعلا ميلعتلا ةرازو 
Ministry Of Higher Education & Scientific Research 
 
 
University Mohamed Khider – Biskra 
Faculty of Science and Technology 






ةركسب رضيخ دمحم ةعماج 
ايجولونكتلا و مولعلا ةيلك 
مسق ةيئابرهكلا ةسدنهلا  
:عجرملا……….. 
 
A thesis submitted for the fulfillment of 
 the degree of 
Doctorate in Electrical Engineering 
Thesis has been prepared in the Electrical Engineering Laboratory of Biskra LGEB 
Option: Control of energetic systems 
Improvement of Direct Torque Control Performances 







The public thesis defense on:   29 June 2017 
 
Board of Examiners: 
 
Dr. GOLEA Amar Professor Chairman University of Biskra 
Dr. BOUREK Amor Lecturer ‘A’ Supervisor University of Biskra 
Dr. BENAKCHA Abdelhamid Professor Co-supervisor University of Biskra 
Dr. NAIT-SAID Mohamed Said Professor Examiner University of Batna 2 
Dr. NACERI Farid Professor Examiner University of Batna 2 
Dr. BETKA Achour Professor Examiner University of Biskra 
 
Dedication 
I dedicate this thesis to the memory of my dear father “AMMAR Said”, who 
passed away this year. He would be very happy to see my Ph.D. graduation. 
May Allah bless him with mercy and forgiveness and grant him Jannah 
“Ameen”. 
I also dedicate it to my mother “Baouia Fatiha” who has taken the biggest 
part of sacrificing for our education. May Allah protect her.  
To my brothers: Hadj, Mohammed Elamin, Elhachemi, Zakaria and 
Abdelfattah. 
To my sisters: Hayat, Mouna and Chafia.  
To all my friends, in my social and academic life. 
Abdelkarim AMMAR 
ءإده  إ 
 لمعلإ إذه يده أ  إ" لياغلإ يلدإو لىديعسلإ رماعةن سلإ هذه علطم ةينلمإ هتفإو يلذإ " حرب هدمغتي ن أ الله ل أس أ ، هت
"ينم أ" هنانج حي سف هنكسيو هترفغمو 
 لمعلإ إذه يده أ "تيلدإو لى  إ اضي أةحيتف ةيوبا" تيلإإ نم برك لإ بيصنلإ اهل نكا انيملعتو انتيبرت لج  إ نم تايحضتل ،
اهظفيح ن أ الله لاـس أ. 
 :تيوخ  إ لى  إحاتفلإ دبع و ءياركز ،يشماهلإ ،ينم لإ دمحم ، جالحإ. 
 لى  إ  أ :تيإوخةيفاشو نىم ،ةايح. 
ئياقدص أ عيجم لى  إ يعتماج لإ تيايح فيةييمدكا لإو ة. 
 رماع يمركلإ دبع 
Acknowledgments 
First of all, I would like to thank God “Allah” the Most Gracious and the Most 
Merciful, for blessing me with knowledge and giving me strength, courage, patience 
and serenity during all these years of study. 
I would like to express my thanks to everyone that makes the achievement of 
this work. My great gratitude goes to my supervisors: Dr. Amor Bourek and Pr. 
Abdelhamid Benakcha members of the electrical engineering laboratory of Biskra 
LGEB for their continuous support, guidance, encouragement throughout my project, 
their extensive knowledge and diligent working. 
I want to express my special appreciation to Pr. Zouzou Salaheddine the Head 
of electrical engineering laboratory of Biskra (LGEB) for providing the appropriate 
environment for research and experimental work in the laboratory. Without his help, 
this work would not have been in this form. 
I also wish to thank President of jury Mr. Golea Amar Professor at the 
university of Biskra and member of the electrical engineering laboratory LGEB, and 
the members of the jury: Mr. Betka Achour Professor at the university of Biskra and 
member of the electrical engineering laboratory LGEB and Mr. Nait-Said Mohamed 
Said, Mr. Naceri Farid Professors at the university of Batna 2, Algeria for serving as 
my committee members and taking the time to revise my thesis. I am thankful that in 
the midst of all their activities, they accepted to be members of the reading committee. 
Further, I thank the members of LGEB, my colleagues Ph.D. students with a 
special mention to Madam Saadi Meriem the engineer of the laboratory for her 
precious advices and moral support.  It was great to share the laboratory with all of you 
during last four years. 
Last but not the least, I am grateful to my parents for their prayers, guidance and 








Improvement of Direct Torque Control Performances for 
Asynchronous Machine Using Non-Linear Techniques 
The direct torque control (DTC) was proposed as an alternative to the vector control 
in the middle of 1980s for AC machines control. This strategy bases on the direct 
determination of inverter switching states and offers a simpler scheme and less sensitivity to 
machine parameters. However, the variable switching frequency of DTC causes high flux 
and torque ripples which lead to an acoustical noise and degrade the performance of the 
control technique, especially at low-speed regions.  
In the objective of improving the performance of DTC for the induction motor, this 
thesis addresses the most important points concerning this issue. The reduction of high 
ripples, which are the major drawbacks, by applying a constant switching frequency using 
the space vector modulation (SVM) has been done firstly. Then, we have presented a 
nonlinear control design based on input-output feedback linearization and sliding mode 
control to ensure a robust control against different uncertainties and external disturbances. 
Moreover, the sensorless control can increase the reliability and decrease the cost of the 
control system. Therefore, we have presented several observers structures to improve speed 
and flux estimation in high and low speed operations. Finally, we have discussed the 
insertion of losses minimization strategy for efficiency optimization based on the online 
adjusting of the produced flux according to the load value. The results of all the discussed 
aspects of this thesis have been obtained by numerical simulation using Matlab/Simulink 
software. Furthermore, a real-time implementation in the electrical engineering laboratory 
of Biskra (LGEB) equipped with dSpace 1104 is conducted. The experimental results have 
been depicted in order to validate the simulation results. 
Keywords: Induction motor, Direct torque control, Space vector modulation, 







Amélioration des Performances de la Commande Directe de 
Couple (DTC) de La Machine Asynchrone par des Techniques 
Non-Linéaires 
La commande directe de couple (DTC) a été proposée en tant qu'alternative de la 
commande vectorielle au milieu des années 1980 pour les machines à courant alternatif. 
Cette stratégie repose sur la détermination directe des états de commutation de l'onduleur et 
offre un schéma plus simple et moins sensible aux paramètres de la machine. Cependant, la 
fréquence de commutation variable de la DTC provoque des ondulations élevées au niveau 
du flux et du couple qui conduisent à un bruit acoustique dégradent les performances de la 
commande, en particulier aux faibles vitesses. 
Dans le but d'améliorer les performances de la DTC pour le moteur asynchrone, cette 
thèse a abordé les points les plus importants concernant cette problématique : la réduction 
des ondulations, qui sont les principaux inconvénients, par l’application d’une fréquence de 
commutation constante en utilisant la modulation vectorielle (SVM). Ensuite, nous avons 
présenté la conception d’une commande non linéaire basée sur la linéarisation entrée-sortie 
et la commande par mode glissant pour assurer un contrôle robuste contre les différentes 
incertitudes et les perturbations externes. De plus, la commande sans capteur peut augmenter 
la fiabilité et diminuer le coût du système. Pour cela, nous avons présenté des structures 
d’observateurs pour améliorer l'estimation de la vitesse et du flux dans le fonctionnement à 
basses et hautes vitesses. Enfin, nous avons discuté de l'insertion de la stratégie de 
minimisation des pertes pour l'optimisation du rendement, cette stratégie basée sur 
l'ajustement online du flux produit en fonction de la charge. Les résultats de tous les aspects 
discutés dans cette thèse ont été obtenus par simulation numérique en utilisant le logiciel 
Matlab/Simulink. En outre, une mise en œuvre en temps réel dans le laboratoire de génie 
électrique de Biskra (LGEB), équipé de la carte dSpace 1104 a été réalisée. Des résultats 
expérimentaux ont été présentés afin de valider les résultats de simulation. 
Mots-clés : Moteur asynchrone, commande directe de couple, Modulation vectorielle, 
Commande non linéaire, Commande par mode glissant, Observateur, Basse vitesse, 
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 الخارجية. 
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Nowadays, the AC machines have replaced the DC machines in industry  
applications because of their advantages, such as, the reliability and the lack of commutator 
and brushes which make them able to work under unfriendly conditions. The most popular 
AC machines are the induction motors (IMs) and the permanent magnet synchronous motors 
(PMSMs). They are used in various industrial applications, electric vehicles (EV), tools and 
drives etc. The squirrel cage induction motor in particular, is widely used due to its reduced 
cost and lower maintenance requirement. 
In the early decades, the induction motors have been operated directly from the grid 
under a fixed frequency/speed. Later, with the development of modern semiconductor 
devices and power electronic converters, these machines had become able to operate with 
adjustable frequency/speed by supplying them through a power converter like the voltage 
source inverter (VSI). The employment of the variable speed motor drive in open loop may 
offer a satisfied performance at steady state without need of speed regulation for simple 
applications [Li05]. But, in cases where the drive requires fast dynamic response and 
accurate speed, the open loop control becomes unsatisfactory. Therefore, it is necessary to 
operate the motor in a closed loop mode. Several techniques have been proposed for this 
purpose. They are classified mainly into scalar and vector controls [Buj04].  
The scalar control, that called also volts/hertz, is a simple strategy which is applied 
to control the speed of IMs based on the constant ratio of voltage magnitude and frequency 
using the steady-state equivalent circuit model of the machine. However, this method does 
not dedicate for high performance applications due to its slow response and the existence of 
coupling between torque and flux. The vector control, which is known also by the field 
oriented control (FOC), was developed to overcome the limitation of the scalar control. It 
was presented in the 1970s by Hasse [Has69] and Blaschke [Bla72] to provide an 
independent control of torque and flux in similar way to the separate excitation DC machine. 
The vector representation of the motor quantities makes it valid to work in both steady and 
dynamic conditions, this achieves a good transient response. In the control algorithm of FOC 
based on the transformation to the synchronous frame, all quantities will appear as DC 
quantities. Nevertheless, the main disadvantages of FOC are the coordinates transformation 
which needs the flux angle that cannot be directly measured, in addition, the sensitivity to 





Another method guarantees a separated flux and torque control is called Direct 
Torque Control (DTC). It was introduced by Takahashi and Nagochi in the middle of 1980s 
in Japan [Tak86], and also in Germany by Depenbrock under the name of Direct Self-Control 
(DSC) [Dep88]. In contrast to FOC, this control is completely done in stationary frame 
(stator fixed coordinates). Furthermore, DTC generates the inverter gating signals directly 
through a look up switching table and the use of modulator is not necessary. It offers an 
excellent torque response using less model’s parameters than FOC. Due to its simplicity and 
very fast response it can be so applicable for high performance drive applications [Wan14].  
However, the standard DTC method suffers from high flux and torque ripples owing 
to the use of hysteresis controllers. Many modified DTC schemes have been proposed in 
order to reduce ripples. The insertion of the space vector modulation (SVM) was a very 
useful solution [Hab92]. This method, known by SVM-DTC, reduces the high ripples level 
in spite of its complexity. Several SVM-DTC control schemes have been mentioned in the 
literature [Las00; Rod04], one of the developed methods is stator flux orientated (SFO). This 
method combines the advantages of both of FOC and DTC methods and eliminate their 
drawbacks. SVM-DTC algorithm uses linear PI torque and flux controllers instead of 
hysteresis comparators to generate the reference control voltages.  
The linear proportional integral differential (PID) controllers have encountered a 
wide interest in the industrial applications. However, extra extensions should be made to 
fulfill an acceptable behavior like the output limitation and anti-windup. Nevertheless, 
another important issue is proposed for stability reasons in the control loop [Sto13]. The 
industrial control processes usually deal with complex systems with multiple variable and 
multiple parameters which may have nonlinear coupling (i.e. the induction machine in 
particular) [Pan13]. The initial mathematical model based on conventional analytic methods 
usually contains approximate hypothesis and unmodeled dynamics. Moreover, it may be 
affected also by the variation in parameters due to environment conditions and the external 
disturbance during operating. Consequently, the use of linear methods cannot achieve high 
promising performance.  
The development of robust control methods to solve this problem has made a big 
achievement recently. The nonlinear controllers can offer several advantages compared to 
linear control schemes. Among the interest researches in the field of nonlinear control 
techniques are the feedback linearization and the sliding mode control (SMC) [Isi84; Utk93]. 
Feedback linearization is a nonlinear control approach used to transform a nonlinear system 





provides a good behavior in steady and dynamical states. In addition, it offers also an exact 
decoupling between system variables. Due to some limits, such as the sensitive to modeling 
errors and disturbances, it has been rarely applied to IM drives [Kaz95]. Contrariwise, the 
sliding mode control is featured by high robust behavior while the presence of uncertainties. 
SMC forces the system trajectory to slide along the switching surface by determined control 
law.  The most powerful advantages of the SMC are the high robustness against the different 
system uncertainties, the rapid dynamic response and the simple implementation. The 
application of aforementioned nonlinear techniques (i.e. feedback linearization and SMC) 
for the improvement of basic electrical drive control strategies like the vector and the direct 
torque control has been presented in several works. In [Ben99a] a feedback linearization 
with PI controllers is used in vector control regulation. The combining of SMC and DTC 
with space vector modulation has been done by Lascu in [Las04] for high performance 
robust SVM-DTC. The combining of both feedback linearization and SMC has been 
proposed also in some recent works, where the feedback linearization is applied firstly, after 
that the SMC will be used to control linearized induction motor. In [Yaz08; Haj09; Las17] 
similar modified strategies are applied to SVM-DTC controlled drive. In our research paper 
[Amr17a], a higher order sliding mode controller has been incorporated to a nonlinear DTC 
control with SVM based on feedback linearization in order to get high robustness control 
and reduce the effect of chattering problem. 
Moreover, the sensorless control is another major issue in control domain. The 
developed control schemes using advanced strategies such as the SVM and nonlinear 
techniques require an accurate speed and flux measurement or estimation for closed loop 
control design. The use of sensors has several downsides like high cost, fragility and low 
reliability. Furthermore, the physical environment sometimes, does not allow to use sensors. 
When the sensor is eliminated, it is called then a sensorless control. Due to the multiple 
variables and nonlinearity of induction motor dynamics, the estimation of the rotor speed 
and flux without the measurement is still very challenging subject. Various sensorless 
approaches have been proposed in the literature. They are classified as open loop estimators 
and closed loop estimators which are called observers. We mentioned among of them, the 
determinist adaptive observers [Kub93], stochastic extended Kalman filter (EKF) [Kim94] 
and model reference adaptive system (MRAS) [Sch92]. Aside from the control design, the 
sliding mode theory proves its worth in estimation also in diverse structures of sliding mode 





Another problem has been arisen also which is the improvement of machine energy 
efficiency. It has been reported that 56% of the electric energy is consumed by electric 
motors [Abr98]. Induction motors have a high efficiency at rated speed and load, but at light 
loads, iron losses increase causing a considerable reducing in the efficiency. The efficiency 
optimization techniques treat this drawback by controlling the level of generated flux level 
like the search control (SC) and loss model control algorithms (LMC) [Udd08; Stu13]. 
Aims of the thesis  
The main objective of this thesis is the improvement of the performance of an 
induction motor drive controlled by DTC (Direct Torque Control) using nonlinear and robust 
techniques. This research work is addressing four principal points: firstly, the minimization 
of high torque and flux ripples which are the major drawbacks of the conventional DTC 
method by inserting the space vector modulation. SVM provides a constant switching 
frequency which reduces considerably the flux and torque ripples.  
By solving this problem, the thesis aims then to enhance the robustness and the 
stability of control algorithm by replacing the linear PI controllers by nonlinear control law 
using the feedback linearization, first and second order sliding mode control. The 
combination of these techniques can achieve fast-dynamic decoupled control with low 
chattering and robust response against external disturbance and system uncertainties in wide 
speed rang. After that, the inserting of some improved sensorless strategies for the purpose 
of dispensing with the use of high cost sensors comes next. The last objective of the thesis 
is the efficiency optimization based on loss minimization of the induction motor.  The 
effectiveness of different control techniques will be examined by simulation using 
Matlab/Simulink software. Moreover, an experimental implementation is conducted in 
LGEB laboratory of Biskra to validate the simulation results based on real-time interface 
using dSpace 1104 board.   
Organization of the thesis  
After the general introduction, which gives an overview about the main points which 
will be treated in this thesis concerning the control of the induction motor, the main body of 
the thesis is structured as follows: 
The first chapter summarizes a background about different control strategies of the 
induction motor, like the classical methods (the scalar and the vector control) and DTC 
which take the most of our interest. Then, nonlinear techniques, sensorless control 





 The second chapter presents a comparative study between the classical and the 
constant switching frequency DTC methods. Simulation and experimental results are 
presented. The third chapter presents the nonlinear DTC control design using the feedback 
linearization and the sliding mode control in order to improve the performance of SVM-
DTC method and get more robust control scheme. After that, the fourth chapter deals with 
elimination of speed sensor and the association of the control scheme with sensorless 
observer approach for speed and flux estimation. Finally, the fifth which is the last chapter 
presents another association of the control algorithm to an efficiency optimization technique 
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1.1 Introduction  
Generally, the control and estimation of induction machines in variable speed operation 
is more complicate than DC machines. The main reasons are that they have more complex 
dynamic and they more request of complicated calculations. The vector control and direct torque 
control (DTC) are the most known control algorithms in literature for variable-speed AC motors. 
DTC strategy was introduced in the middle of the 80s as an alternative of field oriented control 
(FOC) because of many advantages, such as simpler structure, faster dynamic response and less 
dependence to machine parameters [Cas02]. However, the basic DTC strategy has a variable 
switching frequency due to the use of hysteresis controllers, consequently, they cause non-
desired ripples in flux and torque. The insertion of space vector modulation strategy (SVM) in 
DTC scheme is among the proposed solution to overcome this drawback, where SVM can 
reduce the ripples by providing a constant switching.  
This modified control schemes which so-called SVM-DTC use a linear proportional-
integral (PI) controllers which make its dynamic and stability so sensitive to different 
uncertainties, parameters variation and external disturbance. All of this can lead to waste the 
robustness of the whole control system. To solve this kind of problems and ensure a decoupled 
control of the machine, robust and nonlinear control techniques were presented widely in for 
this context in control field. We mention in particular the sliding mode control (SMC) and the 
input-output feedback linearization (IOFL) [Las04; Yaz08]. The feedback linearization 
approach can convert a nonlinear system into an equivalent linear one which makes it simpler 
for control design [Yaz08]. Furthermore, the sliding mode control can provide an excellent 
dynamic performance, high robustness and simple implementation. Furthermore, the higher 
order sliding mode control has the ability to reduce the effect of chattering which is the main 
problem of the first order SMC while keeping the same desirable properties [Aur07].  
Over and above, the sensorless control applications can improve the control system by 
reducing minimizing the number of the used sensors, reduce the cost of installation and cabling 
and increases the reliability of the drive. Thus, the observers remain an important area in process 
engineering. Many considerable researches have been proposed for the estimation of rotor speed 
and flux of electrical drive’s such as model reference adaptive system (MRAS) [Sch92], full 
order adaptive observers [Kub93] and Kalman filter [Kim94]. Moreover, the design of observers 
based on sliding mode methodology had an important discussion in many works [Hab02; 
Las06;]. 
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Although the advantages of the algorithms for induction control and observation, they 
can get more performance by achieving the maximum of efficiency through losses 
minimization. These strategies are mainly related to the choice of the proposed flux level 
according to the desired load value [Had07].  
By Summarizing all the mentioned above, this chapter present a state of the art in the 
different control strategies for AC electrical drive and the induction machine practically, a brief 
theoretical review on the conventional controllers and the nonlinear control techniques which 
can be used for the improvement is given firstly. Then, this chapter presents a summary on 
sensorless control and different observers types used for induction motor estimation. Finally, 
short a discussion about machine energy efficiency optimization is presented.   
1.2. Background on Variable Speed Drives  
Traditionally, the induction motor has been operated directly from the grid with fixed 
speed/frequency (50Hz/60Hz), but since the development of the power electronic converts, it 
can be used now in variable frequency by inserting a converter between the motor and the 
electrical grid. This make it possible to obtain an adjustable speed motor [Abr00]. 
The variable frequency drives (VFDs) are able to provide smoother speed tuning and 
greater motor control. To control the speed, the torque and the position, various AC drives 
control strategies have been developed over the years. They can be classified based on their 
principles into two main categories namely by the scalar and vector control methods. The scalar 
control is developed by the steady state model of the machine (per phase equivalent circuit 
model), where only the magnitude and frequency of voltage, current, and flux can be controlled 
[Mar01]. Thus, it does not operate on the space vector position during the transient state. 
Contrariwise, the vector control is developed in the dynamic states, more than the magnitudes, 
the instantaneous positions of voltage, current, and flux can be controlled [Buj04]. 
 The most popular method of vector control is known by the Field-Oriented Control 
(FOC) which proposed at the beginning of 1970s by Hasse and Blaschke [Has72; Bla72]. In the 
middle of 1980s, another method is presented by Takahashi and Depenbrock [Tak86; Dep88] 
which is called the Direct Torque Control. Fig.1.1 below illustrate the different classification of 
the variable frequency drives control strategies.  




Fig.1.1 Classification of variable frequency control strategies for IM drive. 
1.2.1 Scalar control 
The Scalar control (V/f) which is known also by Volt/Hertz control is a simple technique 
used to control the speed the induction Motors. The main concept of V/f method is to keep the 
ratio of the stator voltage to frequency constant to maintain constant maximum available torque. 
To control speed is in a closed loop, a proportional integral controller (PI) is employed 
to maintain the speed at a desired value and to improve speed accuracy by regulating slip speed 
of the motor. The controller receives the speed tracking error which is the difference between 
the desired reference ωr* and the actual sensed rotor speed ωr as described in Fig.1.2.  
 
Fig.1.2 Closed loop scalar control for variable frequency induction motor drive. 
This technique can operate in open loop also (i.e. without speed feedback), however, it 
provides poor speed regulation which is become depended on the applied external load 
[Com05]. The main drawbacks of this technique are the unsatisfied speed accuracy. In addition, 
the sluggish dynamic response which produce slow torque response. Since the control design is 
maintained in the steady state, the magnitude of the stator flux is not controlled during the 
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1.2.2 Field oriented control 
The modern approach for induction machine control is based on vector or field oriented 
control. On the contrary to the scalar control, the development of FOC control scheme is based 
on the dynamic model of the IM (Appendix A1) which make it valid for the both of steady and 
transient states. In spite of the coupled and nonlinear nature of the induction machine, FOC can 
control it as a separate excitation DC machine which featured by a nature decoupling. FOC 
achieves a similar behavior by transforming of all quantities to a rotating synchronous frame 
(d,q) where all quantities will appear as DC quantities.  
The rotor flux orientation principle maintains the amplitude of the rotor flux at a fixed 
value by aligning the flux vector to d-axis of the synchronous frame [Li05]. Since all the 
variables are DC quantities, the electromagnetic torque can be controlled via the quadratic 
component of the stator current isq and the rotor flux magnitude is controlled by its direct 
component isd. The traditional PI controllers are the common solution for control design, other 
types of controllers can be used also. The rotor field orientation control is mainly classified to a 
direct field orientation control (DFOC) or an indirect field orientation control (IFOC) depending 
on the required information about the flux and the its position. The general block diagram of the 
indirect field orientation control for an induction motor is shown in Fig.1.3. 
 
Fig.1.3 Basic indirect field oriented control (IFOC) of induction motor. 
 The rotor position is a necessary condition need to be acquired accurately in order to 
perform the frame transformation and to guarantee that the flux is aligned along d-axis. In IFOC 
the angle can be then calculated by adding the rotor angle to the slip angle. In the other side, 
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frame, therefore, the knowledge of the flux components is needed. Several estimation and 
observation methods can be used to obtain them. 
1.2.3 Direct torque control 
1.2.3.1 Basic direct torque control and direct self-control 
The direct torque control (DTC) has been proposed by Takahashi for induction motor 
drives in the middle of 1980s. It bases on the direct selection of voltage vector (switching state) 
for the voltage inverter which fed the motor according to the instantaneous errors of the stator 
flux and the electromagnetic torque. DTC uses separated hysteresis controllers to ensure a 
decoupled control of flux and torque without requiring a complex field orientation or current 
regulation loop [Cas02]. The outputs of the hysteresis comparators choose the appropriate 
voltage vector through a look-up switching table along the estimated position of the flux vector. 
Usually, the mathematical model of IM is used to estimate the stator flux and the 
electromagnetic torque. Fig.1.4 shows a simple structure of the switching table based DTC 
which proposed by Takahashi [Tak86]. 
 
Fig.1.4 Direct torque control strategy based on lookup switching table. 
This control scheme is very often used in the industry in low and medium power 
applications. The main advantages of DTC are summarized in its fast dynamic of the drive, the 
absence of coordinate transformations and current control loops and its universal structure, 
where the switching table DTC can be used for all AC machines. In the other hand, the main 
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Another similar method which is dedicated for high power applications, it was presented 
in the middle of 1980 also by Depenbrock [Dep88], it is so-called direct self-control (DSC). It 
can be characterized as a simplified version of DTC.  
 
Fig.1.5 Block diagram of direct self-control (DSC) 
This technique use the reference and the three phase components of flux to generate the 
switching states which correspond to active voltage vectors through three hysteresis flux 
comparators. The hysteresis torque comparator generates the signal which correspond to the 
zero states. 
The common applications of DSC scheme are the high-power drives and traction 
systems, DSC is mainly featured by low inverter switching frequency (hexagon stator flux 
trajectory), the absence of switching table or PWM modulator, good torque and flux dynamics. 
In the other side, it has non-sinusoidal current and high ripples. 
1.2.3.2 Direct torque control with constant switching frequency 
In this DTC strategy, the lookup switching table and the hysteresis comparators are 
replaced by the space voltage modulation (SVM) unit and PI controllers for the purpose of 
voltage vector selection. This control schemes can preserve a constant switching frequency, 
consequently it reduces the high torque and flux ripples which is the main drawback of the 
conventional switching table DTC. SVM was first presented in the second half of the 1980s as 
an alternative strategy to the basic Pulse Width Modulator (PWM).  Since then, a lot of work 
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SVM bases on the space vector representation of the voltage inverter output. It has 
several advantages such as minimizing ripple and Total Harmonic Distortion (THD) and 
switching losses [Opk08]. The incorporation of SVM with DTC schemes has been presented at 
the first time by Habetler in 1992 [Hab92], then serval SVM-DTC schemes have been proposed 
[Buj04; Zng05; Ksn08].  
 
Fig.1.6 General block diagram of SVM Direct torque control method 
  The common target of these various structures is providing the reference voltages to 
modulate them by the SVM unit in order to generate the inverter switching state. Fig.1.6 above 
illustrates a general diagram of SVM-DTC control algorithm. The SVM-DTC keeps a number 
of classical DTC features and offer more advantages, such as the constant switching frequency 
and low flux and torque ripples. The generalized SVM-DTC scheme offer a high fertility for 
performance improvement, whereas it can be designed in different ways. This strategy will take 
the majority of our interest in this thesis. 
1.3 Nonlinear Control Techniques  
  Most physical systems are nonlinear and multivariable, by nature, they have inherent 
interconnected nonlinearities in their internal dynamics[Gar03]. We take in particular the 
induction motor. It has control problems in speed adjustable drives contrary to the DC motor 
due to some reasons [Kow14b]: 
 The high order of internal coupled nonlinearity. 
 Some state variables are not directly measurable (i.e. rotor currents and fluxes). 
 Parameters variation because of environment effects.  
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 The use of conventional approaches such as the proportional-integral-differential (PID) 
controllers to understand the behavior of those systems by analytical techniques can be 
inadequate. Even at the initial stages of establishing the mathematical model, the existence of 
discrepancies between the real and the developed model for control design is so potential. This 
has led to an intense interest in the development of so-called nonlinear control theory which 
seeks to solve this problem [Pan13]. 
 The successful application of modern mathematical tools played an important role in the 
development of the nonlinear control. Since the 1970s, a breakthrough advancement has been 
achieved [Gen10]. Among the most important developed nonlinear control strategies in the last 
few decades are the feedback linearization and the sliding mode control. 
1.3.1 Feedback linearization 
Feedback linearization has attracted a big number of research in nonlinear control filed. 
Unlike the Jacobian linearization which consist of the approximating of a nonlinear system by 
a linear one in the vicinity of a reference equilibrium point, the feedback linearization approach 
use an algebraic transformation to transform the nonlinear system dynamics into linear. By 
cancelling system nonlinearities, a linear control law can be applied [Isi95].  
Furthermore, the feedback linearization can be used to cancel the coupling and the 
interactions between variables in case of multi-input-multi-output (MIMO) systems. A state 
feedback linearizing law is designed to compensate these interconnections and decompose the 
multivariable system into a number of single-input-single-output (SISO) linear systems [Gar03]. 
1.3.1.1 Input-output feedback linearization 
The objective of input-output feedback linearization (IOFL) is to achieve decoupling 
and generate the original input u for MIMO systems by a nonlinear transformation based on 
state feedback and introducing a new input variable v. Considering a system of n states and m 
inputs/outputs as demonstrated in Eq (1.1).  
( ) ( )
( )





                                   (1.1) 
where: 
nx   is the state vector, mu  is the control input, y is the output state vector, f and g are 
smooth vector fields on n and h is a smooth nonlinear function. 
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A MIMO nonlinear system can be called input-output linearizable if there exists a static 
state feedback of the form: 
( ) ( )u F x C x v            (1.2) 
With ( ) mF x  , ( ) m mC x   nonsingular and mv   an external input vector [Kra90] 
 
Fig.1.7. Multi-input multi-output feedback linearizing structure 
1.3.1.2 Other linearization methods  
In theatrical literature, linearization techniques similar to the input-output feedback 
linearization were developed [Kra90]. Which they, the linearization by immersion [Cla83], and 
then the Volterra linearization [Isi84]. Both method have been presented in order to 
mathematically define the situation where a state system as the form of Eq (1.1) has linear input/ 
output behavior. Another technique became a popular for designing stabilizing control laws for 
nonlinear systems in strict feedback form. It is known by the backstepping [Bai99]. It is a 
feedback linearization based on Lyapunov theory, it can cancel the nonlinearities in the 
derivative of Lyapunov candidature function. The advantage of backstepping over feedback 
linearization is that one does not need to cancel benign nonlinearities. 
1.3.1.3 Summary  
The feedback linearization is a transformation of nonlinear dynamics into a linear form 
by using state feedback. When a MIMO system is input-output linearized and decoupled, a 
standard linear control can be applied to simplifies control design and stabilization. However, 
this method has some limitations. For example, it is not applicable to all nonlinear systems, it 
only applies to the system with precise mathematical model. While the presence of parameters 
uncertainty the system robustness cannot be guaranteed.  
In order to overcome this shortcoming and increase the robustness of the system while 
the presence of uncertainties a robust control should be injected to feedback linearization 
system. The next section will introduce a robust control strategy based on variable structure 




𝑢 = 𝐹(𝑥) + 𝐶(𝑥)𝑣  𝑣(𝑡) 
𝑦(𝑡) 𝑢 
Non-linear system 
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1.3.2 Sliding Mode Control  
1.3.2.1 Historical brief on sliding mode theory 
 The sliding mode control (SMC) is a particular type of variable structure control (VSC). 
The first concepts of SMC appeared in Russian literature (The former Soviet Union) in 1950s 
and developed by Emelyanov in 1960s [Eme67]. Later, Utkin has written an English summary 
of papers on the sliding mode control [Utk77]. Due to the implementation difficulties of high 
speed switching this approach didn’t receive the attention it deserved until the 1970s. Then, the 
sliding mode control theory was widely disseminated to the different areas at the beginning of 
1980s.   
 In the first works, SMC was planted for linear second order system. Then, it has been 
developed into a general design method being examined for a wide use, including nonlinear 
systems, MIMO systems, discrete time models and stochastic systems [Pan13]. From the most 
considerable application of SMC methods in over recent decades can be founded in: 
 Robots control [Slo83] 
 Control in planes [Sin89]. 
 Observers design [Slo91] 
 Control of electric motors [Sab81; Utk93]. 
1.3.2.2 Basic concepts of SMC 
 The sliding mode variable structure control is designed to drive and then constrain the 
system state to lie within a neighborhood of the switching surface. The main features to this 
approach are the dynamics behavior of the system which may be tailored by a particular choice 
of switching function. Furthermore, the structure is independent of the object parameters which 
make the closed loop response becomes totally insensitive to a particular class of uncertainty in 
the system, this provides a very strong and inherent robustness to the resulting controllers 
[Utk93]. 
 The main issue of SMC is to choose a control law which meet the next conditions, the 
reaching to the sliding surface and the existence of sliding mode in all points of the surface. 
The used discontinuous switching function in conventional sliding mode is the function sign(x), 
it is defined in Eq (1.3). 














                   (1.3) 
Then the control law in case of SISO system is given by: 
 u Ksign S                     (1.4) 
where: 
u is the control law, S is the sliding surface and K is the sliding mode gain. 
In general, the strengths of SMC can be concluded: 
 Low sensitivity to plant parameter uncertainty. 
 Greatly reduced-order modeling of plant dynamics. 
 Finite-time convergence (due to discontinuous control law). 
1.3.2.3 Chattering phenomenon 
The main drawback of the SMC is the chattering phenomenon which is caused by an 
infinite commutation due to the depending on the switching function relay (sign(x)) (Fig.1.8) 
in the control design. The disagreeable chattering phenomenon can excite high frequency 
harmonics and can also lead to damage of moving mechanical parts and heat losses in the 
electrical parts.  
The common solution of this problem, is to replace the classical sign(x) function by 
smoother switching functions, such as saturation function (sat(x)) [Ben99a] and sigmoid 
(sigm(x)) function [Lee13] as shown in Fig.1.9. 
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                    (1.6) 
Where:  
 is a small positive constant representing the width of boundary layer.  
α is a small positive constant which adjusts the sigmoid function slope. 
  Some other alternative methods are presneted in literature for eliminating this 
phenomenon such as: 
 Combining the sliding mode control with fuzzy logic technique in [Sag15]. 
 Using the integral sliding mode control [Che10]. 
 Using  the higher order sliding mode control [Las14]. 
1.3.2.4 High order Sliding Mode Control  
  The higher order sliding mode control is another method used to eliminate the problem 
of chattering. It is a generalized idea of the first order which based on higher order derivatives 
of the sliding surface. Besides keeping the same robustness and performance of the 
conventional sliding mode control (i.e., fast response and high robustness) it can reduce 
considerably the effect of chattering [Gen14].  
The nth sliding mode order can be determined by: 
( 1) 0ns s s s     
                                           (1.7) 
  When we talk about the higher order sliding mode control, we mean in particular the 
second order sliding mode. It called sometimes SMC without chattering, because this 
phenomenon of is strongly limited. The design of second order sliding mode control shows a 
variety of algorithms in the liturature. The most applicable algorithms proposed in literature 
are:  
 Twisting control [Lew85; Lev93]. 
 Sub-optimal control [Bar97]. 
 Super twisting control[Lev93; Lev03]. 
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1.3.3. Survey on the application of nonlinear techniques for electrical machines control 
The first application of SMC on IM for controlling torque, speed and position was 
presented by Sabanovic and Izosimov [Sab81]. This work consists of enforcing the input of 
control using SMC in the form of the three phase voltages so they can be implemented directly 
by the inverter. Then, in [Sab89], the sliding mode control inputs have been replaced by two 
voltages components in the synchronous rotating frame. Thereafter, Utkin presented some 
general guidelines of SMC design for DC and AC electrical drives [Utk93]. Benchaib in 
[Ben99a; Ben99b] has done a comparative study between SMC and FOC with input output 
linearization through DSP real-time implementation of the control algorithm. Then Lascu in 
[Las04] presented the first combination of the principles of   sliding mode control with DTC, 
where the variable structure controllers replaced the conventional PI controllers in stator flux 
oriented SVM-DTC to achieve flux and torque robust control. Then, serval incorporated sliding 
mode direct torque control (SM-DTC) strategies have been presented in order to benefit the 
advantages of both control schemes [Haj09]. 
 In the other hand, the feedback linearization is used on linearized IM model for FOC 
scheme in direct and quadratic (d-q) reference frame for current control [Kaz95; Chi98]. In 
[Bou04] an error sensitivity analysis presented to check the robustness against perturbations 
and measurement errors for feedback linearization field oriented control. After that, some works 
proposes an improved DTC controller which is integrated with SVM and feedback linearization 
[Zar10; Cho16]. 
The combination of the feedback linearization and sliding mode control is mentioned in 
[Cas05]. This incorporation consists of applying the sliding mode strategy on the resulting 
linearized system which obtained by feedback linearization. The robustness and the 
discontinuous nature of variable structure control can overcome the drawbacks of feedback 
linearization technique. In [Liu08], an application of combined SMC and feedback linearization 
to control a cascade of rectifier/inverter feeding an induction motor. In [Las17; Amr17a; 
Amr17c] a siding mode direct torque via feedback linearization technique is suggested to 
improve the performance of the DTC-SVM technique for induction motor drive. The 
combination of these techniques preserves fast and robust response of DTC while eliminating 
the torque and flux ripple using SVM. 
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1.4 Sensorless Control Techniques for Induction Motor  
Regardless of the used control strategies, the measurement of speed and flux is an 
essential step for control design in electrical drives.  In another cases the implementation of 
control algorithms requires the knowledge of all the components of the state vector. However, 
the use of sensors is associated with several disadvantages, like high cost, fragility and reduced 
reliability. In addition, sensors require a regular maintenance, and in some applications, it is 
inappropriate to install sensors due to the physical and environmental constraints. A similar 
situation arises when a sensor breaks down [Hol06; Asf13].  
The main proposed solution in literature is to avoid these difficulties of utilizing sensors 
by limit their use and replacing them with software sensors. This strategy is known by sensorless 
control theory in the automatic field, it takes a grand part in this domain. The software sensors 
are called estimators or observers [Glu15]. The objective of sensorless control for electrical 
machines is to estimate mechanical speed and torque or flux vector and its position. The speed 
sensorless control for AC drives has taken a big attention in industry application in the past 
decade, since it can reduce the cost and avoid the difficulty of installing mechanical sensors. 
Different techniques have been mentioned extensively in the past two decades for the estimation 
of flux and rotor speed an of electrical machines [Li05; Abu12]. Generally, they can be classified 
into two main categories [Bed14]:  
 Mathematical model based techniques. 
 Estimator without mathematical machine model (non-model techniques). 
The shown diagram in Fig.1.10 describe the essential classification of sensorless techniques.  
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1.4.1 Open loop estimation methods (Estimators without feedback) 
Generally, the open loop estimation is a re-arrangement operation using the known 
machine model (appendix A.1) with the measured quantities (i.e. stator voltages and currents) 
to estimate the flux and as well the rotor speed of the machine. Most of these techniques use 
somehow the integrations in order to obtain the desired quantities of estimation.  
1.4.1.1. Voltage model flux estimator 
The stator flux of the induction motor can be obtained from the voltage model utilizes 
the measured stator voltages and currents, the stator flux can be estimated by the integration as 
follow: 
0
ˆ ( )ts s s sV R i dt                                         (1.8) 
The rotor flux can be estimate from the stator flux and the measured current, as: 
ˆ
ˆ r s s r s
r
sr








          (1.9) 
1.4.1.2. Current model flux estimator 
For rotor flux estimation, the measured stator current and rotor speed are counted, the 
derivative of the estimated rotor flux can be computed using machine parameters as: 
ˆ ˆsr




                                  (1.10) 
1.4.1.3. Rotor speed estimation  
The rotor speed can be computed from a difference between the synchronous speed and 
the slip speed using the following known equation: 
ˆ ˆ ˆ
r s sl                        (1.11) 
The synchronous speed ωs can be calculated by the stator or rotor flux from the model of IM as: 
s 2 2 2 2
ˆ ˆ ˆ ˆˆ ˆ ˆ ˆ
ˆ
ˆ ˆ ˆ ˆ
s s s s r r r r
s s r r
       
   
       
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                (1.12) 











                     (1.13) 
where eTˆ  is the estimated electromagnetic torque. 
The estimation accuracy depends on machine model and its parameter exactness [Bed14]. 
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1.4.2 Model reference adaptive system (MRAS) 
The model reference adaptive systems (MRAS) is one of the most successful techniques 
for parameter estimation. It has been widely used due to its simplicity. The structure of MRAS 
observer consist of three parts, a reference model, an adaptive model, and an adaptation 
mechanism. The estimation using MRAS is based on the comparison of the outputs of the two 
models. Then, the calculated error used to drive an adaptation mechanism (Mostly PI controller) 
that generates the desired estimated quantity (Rotor speed in general cases) [Com05]. 
 
Fig.1.11 Block diagram of the model reference adaptive system observer. 
Various MRAS structures have been presented in literature, the most used MRAS 
structure is the rotor ﬂux MRAS which proposed by Schauder [Sch92]. Back-EMF and reactive 
power based MRAS have been presented also [Pen94; Kum15]. Another MRAS structures 
based on advanced techniques are presented in [Gad09; Ben15; Smi16]. 
1.4.3 Closed Loop Observers based on Machine State Reconstruction. 
1.4.3.1 Adaptive observes 
The basic adaptive observer design was proposed in [Kub93; Mae00]. It contains 
basically two parts, an open loop estimator based on the mathematical model and a closed 
correction loop with gain matrix G to correct the estimation errors. For the induction motor 
drive, the adaptive full-order observer model is defined by: 
ˆ ˆˆ ˆ ( )s s s
dx Ax Bu G i i
dt
                                    (1.14) 
The hat ‘^’ indicate to the estimated value. 
The state variables of the observer (i.e. stator current and flux) are represented by the 
vector x. The Matrix A defines the parameters of the machine. The rotor speed which is the 
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The general adaptive observer diagram which proposed by [Kub93] is illustrated in the Fig.1.12. 
 
Fig.1.12 Block diagram of model based adaptive observer. 
 The adaptation scheme of the rotor speed consists of PI controller with cross product of 
the estimated flux and the current error as an input. 
1.4.3.2 Extended Kalman filter 
All the aforementioned closed-loop observers are classified as deterministic observers, 
they can be easily polluted by measuring noise and require parameter adaptation algorithms 
especially at very low speed. As an alternative, there are also stochastic approaches using 
Extended Kalman Filter (EKF). The Kalman filter observer has high convergence rate and good 
disturbance rejection, which can take into account the model uncertainties, random disturbances, 
computational inaccuracies and measurement errors [Kim94]. These properties are the 
advantages of EKF over other estimation methods. For these reasons, it had wide application in 
sensorless control in spite of its computational complexity.  
For nonlinear problems Kalman can overcome this difficulty by using a linearized 
approximation, where, the stochastic continuous time system must be expressed in the discrete 
form in order to fit with the structure of extended Kalman filter. The process of observation of 
the extended Kalman filter is given in two stages, prediction and filtering. The prediction stage 
is aimed to obtain the next predicted states and predicted state-error covariance, while in the 
filtering stage, the next estimated states is obtained as the sum of the next predicted states and a 
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The EFK algorithm diagram is presented below in Fig.1.13.  
 
Fig.1.13 General structure of the Kalman filter estimator. 
However, the high degree of complexity of EKF structure and the high system orders 
causes higher computational requirement (i.e. the sampling time). Thus, additional challenges 
and problems are introduced, such as the reduction of dynamic performance and the increase of 
harmonics [Asf16]. Nevertheless, the development of new processors technology (DSPs and 
FPGA) solves this problem due to the powerful calculations processing [Hab15]. 
Recently, different works have been conducted to improve the effectiveness and 
performance of the sensorless EKF for IM drive control. A bi-input EKF estimator, which deals 
with the estimation of the whole state of the IM together with stator and rotor resistances is 
presented in [Bar10]. Another multi model EKFs are proposed in [Zho14] in order to improve 
EKF performance under different noise conditions. Then, in [Asf16] Kalman filter estimator 
has been designed for DTC controlled induction motor drives.  
1.4.3.3 Sliding mode observers 
As we have mentioned before, the sliding mode approach is well known by its simplicity 
and high robustness. Besides the control design, it proves its effectiveness as an observation 
techniques also. The sliding mode observers (SMOs) commonly, have a similar structure as the 
full order observer adaptive observers. The difference is in feedback signal manipulation, where 
the adaptive signal is not multiplied by gain matrix G, but this matrix was replaced by a 
nonlinear sliding mode switching function [Bed14]. 
The SMOs can provide high effectiveness due to a number of advantages such as, the 
easy implementation and the high robustness to parameter variations, In addition, no extensive 
computations [Amr16a]. For induction motor observation, the stator phase current error, which 
is the difference between the actual and the estimated currents, is used to define sliding surface. 
The block diagram of the sliding mode observer for IM is shown in Fig. 1.14. 
𝐻 
𝑥ሶ = 𝐴𝑥 + 𝐵𝑢 
𝑢 𝑥 

















Fig.1.14 The general structure of adaptive sliding mode observer. 
Several works have been addressed in the literature presenting modifications related to 
the SMO for the sensorless IM. A current model flux observer without requiring speed 
adaptation scheme is presented in [Reh02]. In this observer, all the terms that contain the rotor 
time constant and the rotor speed have been replaced by the sliding mode functions to make the 
estimation completely insensitive to the rotor time constant variation and any error in the 
estimated speed. Another sliding mode stator flux observer do not employ the speed adaptation 
has been associated with DTC control scheme is presented in [Las06; Las09]. These observers 
are referred as inherently observers, such the speed estimator is separated from the observer in 
order to increase accuracy in a wide-speed-range operation and to have reduced complexity. 
Since the chattering is the common problem of the sliding mode control, new observers 
based on super twisting second order approach are presented recently in [Aur07; Rao10]. In 
[Zha14], super twisting observer has been associated with MRAS estimator for speed estimation 
where it takes the place of the reference voltage model of the MRAS. This combination has 
been successfully eliminated the chattering behavior and it is insensitive to variations machine 
parameters. 
1.5 Efficiency Optimization Based Control 
Today, the Induction machines are responsible for about 56% of the total industrial 
electric power consumption [Abr98]. However, the power efficiency of an induction machine 
is lower than some other AC machine types, such as the permanent-magnet synchronous 
machine (PMSM), especially in the small power area. The main reasons of this is the required 
current from the induction motor for field and torque generating and the low-cost of stator design 
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induction motors losses will have a major impact on the total energy consumption. Induction 
motors generally operate at rated flux in a variable frequency. However, many of the times, the 
system operates with light loads. In this case the core losses become excessive causing poor 
efficiency.  
To improve the motor efficiency, the generated magnetic flux should be reduced to an 
optimal level. Then, the torque will be obtained with lower stator current and magnetic flux, 
resulting lower ohmic and iron losses [Li05]. Several efficiency improvement methods have 
been reported concerning the flux level control. In general, they can be divided into two 
categories. The first category is termed as the power measure-based approach, known also as 
search controller (SC). This controller searches iteratively for the flux level until the electrical 
input power set to the lowest value for a given torque and speed [Kir85]. The second category 
is the so-called the loss-model controller (LMC), this approach consists of computing the losses 
by using the induction motor model and selecting the flux level that minimizes these losses 
[Gar94; Abr01].  
To make a comparison, we can conclude that the SC is always slow comparing to LMC 
and the LMC works on the model and not on the actual drives which means it is not effective 
for non-stationary states. In LMC, the optimum flux is calculated analytically. The main 
advantage is the simplicity of the method and not requiring extra hardware. However, it is 
sensitive to motor parameters which change considerably with temperature and load condition. 
On the other hand, SC method measures input power to searches the flux where the motor runs 
at maximum efficiency. This approach is insensitive to motor parameters and operating 
condition. However, it requires extra hardware to measure DC bus current and does not be used 
in the classical vector control system where additional sensor is not available. 
 Some other recent works have combined the features of both LMCs and SCs in order to 
benefit from their advantages, in [Sou95] a fuzzy logic based efficiency optimization does not 
require extra hardware and insensitive to motor parameters is presented. Generally, the 
association of efficiency optimization strategy with a speed adjustable control and observation 
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1.6 Conclusion   
In this first chapter, the conventional variable speed drive techniques systems have been 
presented and compared. The direct torque control has taken the majority of our interest, where 
we have highlighted its advantages and drawbacks. Then, an overview is devoted for the 
nonlinear control techniques (i.e. the feedback linearization and the sliding mode control). They 
are commonly inserted to enhance the basic control schemes, especially their dynamic, stability 
and robustness. 
We have presented also as a second objective of this chapter, a survey on the different 
estimators and observers which used as sensorless algorithm to limit the use sensors of that can 
increase the reliability and decrease the cost of the control system. Finally, this chapter has 
discussed the association of an efficiency optimization strategy based on the minimization of 
machine losses for the developed sensorless control algorithm to get more features. 
The next chapter will present a comparative study between the conventional DTC and 
the constant switching frequency DTC based on SVM. A comprehensive theory will be given 
firstly, then performance analysis for both strategies will be investigated using numerical 
simulation based on Matlab/Simulink. Moreover, an experimental implementation will be 
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The Direct Torque Control (DTC) was proposed by Takahashi [Tak86] and 
Depenbrock [Dep88] in the middle of the 80s. This strategy was an alternative to the field 
oriented control (FOC). It bases on the direct selecting of the switching states to control the 
voltage source inverter (VSI) through a switching look-up table. Due to the limits of the 
conventional DTC strategy, especially the high torque and flux ripples problem, various 
control structures are presented to improve the performances of control. The twelve sectors 
DTC based on an extended switching table and the constant switching frequency DTC using 
the space vector modulation (SVM-DTC) are well discussed solutions. This chapter will 
concern on a comprehensive descriptive study on the basic and the improved DTC strategies, 
including the used IM model, the control design of the classical DTC using switching table 
and the control design of the constant switching frequency DTC based on SVM. 
Subsequently, the presented DTC control methods will be investigated as a comparative 
study using a numerical simulation by MATLAB/Simulink software. 
Over and above, the real-time control will represent another objective of this chapter. 
In many works, the control of electrical drives is executed using a Digital Signal Processor 
(DSP) with C language code or a graphical programming approach [Sut13]. Our control 
system is implemented by dSpace DS1104 signal card. This board operates with 
MATLAB/Simulink platform basing on TMS320F240 DSP processor. Therefore, DTC 
control strategies will be investigated also by an experimental implementation in order to 
validate the simulation results using real time interface (RTI).  
2.2 Model of Induction Motor Dedicated for Direct Torque Control 
The dynamic equation’s model of the induction motor which is dedicated for direct 
torque control is expressed below in Eq (2.1) and Eq (2.2). It can be written in the stator 
fixed reference frame (α,β) (stationary frame) by assuming the stator current and the stator 
flux as state variables.  
1
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                                                     (2.2) 
 




,s si i   are stator current components.  
,s s    are stator flux components.  
Rs, Rr are stator and rotor resistance.  






 is the Blondel’s coefficient.  
Msr is the mutual stator-rotor inductance. 
The dynamic model of the IM is detailed and demonstrated in the Appendix (A.1). 
2.3 Two-Level Voltage Source Inverter (VSI) Model 
Before moving to the algorithm of basic DTC, we should represent the model of tow-
level voltage inverter. The Fig.2.1 below shows a simplified scheme of the two-level bridge 
topology of the voltage source inverter. The induction motor is supposed as a star-connected 
three phase balanced load [Taz16].  
The Type of the used switches depends on the power of the inverter and switching 
frequency. In the most applications, IGBT transistors with anti-parallel diodes are so helpful. 
The output phase voltages are produced by a plus or minus DC link voltage Vdc which is 
provided by a rectifier or another DC source [Wjk09; Bnz14].  
 
Fig 2.1 Three-phase VSI fed star-connected induction machine. 
 The inverter’s control bases on the logic values Si, where:   
Si=1, iT  is ON and iT  is OFF. 
Si=0, iT is OFF and iT   is ON.  
with: i= a, b, c. 
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                        (2.3) 
Vdc: is the DC link voltage 
There are eight possible positions from the combinations of switching states. Six are 
active vectors (V1, V2 … V6) and two are zero vectors (V0, V7) [Zlk05]. These eight 
switching states are shown as space vectors in Fig.2.2: 
 
Fig 2.2 VSI Voltage vectors in the complex plane. 
2.4 Principles of Direct Torque Control 
Direct torque control achieves a decoupled control of the stator flux and the 
electromagnetic torque in the stationary frame (α, β). It uses a switching table for the 
selection of an appropriate voltage vector. The selection of the switching states is related 
directly to the variation of the stator flux and the torque of the machine. Hence, the selection 
is made by restricting the flux and torque magnitudes within two hysteresis bands. Those 
controllers ensure a separated regulation of both of these quantities. The inputs of hysteresis 
controllers are the flux and the torque errors as well as their outputs determine the 
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2.4.1 Control of stator flux and electromagnetic torque 
2.4.1.1 Control of stator flux 




d V R i
dt







s s s s st V R i dt                             (2.5) 
0s : is the flux vector at the instant t=0s. 
By applying a non-zero vector in Tz sampling period, we can neglect the stator resistance 
voltage drop s sR i compared to Vs for high speed regions. Then Eq (2.5) can be written as: 
( ) (0)s s z st V T                                           (2.6) 
The relation between the stator voltage and the stator flux change can be established as: 
( ) (0)s s s s zt V T                                         (2.7) 
The Eq (2.7) means that the stator flux can be changed by the application of stator voltage 
during a time Tz. The stator flux vector’s extremity moves in direction given by the voltage 
vector and making a circular trajectory (Fig.2.3) [Rod12]. 
 
Fig 2.3 Evolution of stator flux vector in the complex plan. 
 A two-level hysteresis comparator is used for flux regulation. It allows to drop easily 
the flux vector extremity within the limits of the two concentric circles with close radius, as 
shown in Fig.2.4. The choice of the hysteresis bandwidth 
s
h depends on the switching 











Fig.2.4 Tow-level hysteresis comparator for stator flux control. 















   
                                   (2.8) 
s
h is hysteresis band of stator flux 
The stator flux error is defined by the difference between the references value of flux and 
the actual estimated value:  
*
s s s                               (2.9) 
2.4.1.2 Control of electromagnetic torque 
During one sampling period, the rotor flux vector is supposed invariant. The torque 
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                                 (2.11) 
where: 
p is the number of poles pairs.   
,s r  are stator and rotor flux vectors. 
δ angle between the stator and rotor flux vectors 
From expression (2.11), it is clear that the electromagnetic torque is controlled by 
the stator and rotor flux amplitudes. If those quantities are maintaining constant, the torque 
can be controlled by adjusting the load angle δ.   
The torque regulation can be realized using three-level hysteresis comparator 
(Fig.2.5). It allows to control the motor in both rotation senses. The tow-level comparator 












Fig.2.5 Three level hysteresis comparator for electromagnetic torque control. 
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                                  (2.12) 
eTh  is hysteresis band of torque. 
The torque error is defined by the difference between the references values of the torque and 
the actual estimated values:  
*
e e eT T T                                         (2.13) 
2.4.2 Estimation of stator flux and electromagnetic torque 
2.4.2.1 Stator flux estimation 
The estimation of the stator flux is usually done by the integration of the back-emf 
(Electromotive force). The stator flux components can be expressed using stator voltages 
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                                                           (2.14) 
The stator flux magnitude and flux angle can be computed as: 
2 2
s ss  
   
                                               (2.15)
 1tans s s                                       (2.16) 
The stator voltage components  ,s sV V   are obtained by applying Concordia 
transformation on the output voltage of  the three-phase VSI [Haf14]. 
1 1/ 2 1/ 2
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The stator currents components  ,s si i   can be obtained also by applying Concordia 


















                         (2.19) 
2.4.2.2 Electromagnetic torque estimation 
The produced electromagnetic torque of the induction motor can be determined using 
the cross product of the stator quantities (i.e., stator flux and stator currents). The torque 
formula is expressed as following:  
( )e s s s sT p i i                                        (2.20) 
2.5 Switching Table Construction and Control Algorithm Design  
2.5.1 Six sectors Switching table  
To maintain a decoupled control, pair of hysteresis comparators receives the stator 
flux and torque errors as inputs. Then, the comparators outputs determine the appropriate 
voltage vector selection [Cas02; Swi05]. However, the choice of voltage vector is not only 
depending on the output of hysteresis controllers, but on the position of stator flux vector 
also. Thus, the circular stator flux vector trajectory will be divided into six symmetrical 
sectors [Ben10; Otk08].  
where:  
Sector 1: 11 6 6s
   , sector 2: 6 2s
   ,…, sector 6: 3 112 6s
   . 












Fig.2.6 Voltage vector selection when the stator flux vector is located in sector i. 
While the stator flux vector is located in the sector i we have [Otk08]: 
 If 1iV   is selected, s  increases and eT  increases. 
 If 1iV  is selected, s increases and eT  decreases. 
 If 2iV  is selected, s decreases and eT  increases. 
 If 2iV  is selected, s decreases and eT  decreases. 
 For each sector, the vectors ( iV and 3iV  ) are not considered because both of them 
can increase or decreases the torque in the same sector according to the position of flux 
vector on the first or the second sector [Puj00]. If the zero vectors 0V  and 7V  are selected, 
the stator flux will stop moving and its magnitude will not change, the electromagnetic 
torque will decrease, but not as much as when the active voltage vectors are selected [Zha16]. 
The resulting look-up table for DTC which was proposed by Takahashi is presented in Table 
2.1: 
Error Sectors I II III IV V VI 
 
cflx =1 
ctrq =1 V2 V3 V4 V5 V6 V1 
ctrq = 0 V7 V0 V7 V0 V7 V0 
ctrq = −1 V6 V1 V2 V3 V4 V5 
 
cflx =0 
ctrq =1 V3 V4 V5 V6 V1 V2 
ctrq = 0 V0 V7 V0 V7 V0 V7 
ctrq = −1 V5 V6 V1 V2 V3 V4 
Table 2.1 Look-up table for basic direct torque control.  
2.5.2 DTC improvement using twelve sectors switching table 
In the conventional six sectors DTC, two switching states per sector are not 
considered. This presents an ambiguity in torque control. A sector shifting takes the first 
sector from (0 to 3 ) instead of (11 6  to 6 ). This provides a new switching table. 
However, in a similar way, it has two unused vectors per sector also (i.e. 2iV   and 1iV  ) 












Sector 5 Sector 6 
Chapter 02:       _________________          Basic Direct Torque Control Methods for the Induction Motor Drive 
35 
 
which present an ambiguity in flux instead of torque. Another strategy divides the circular 
flux locus into 12 sectors instead of 6 as shown in Fig.2.7 [Puj00]. This makes all the six 
states used per sector. 
 
Fig.2.7 Voltage space vector in 12 sectors case. 
In twelve sectors DTC, the vector V1 produces a large increase in flux and a small 
increase in torque for the sector 12. On the contrary, V2 produces a large increase in torque 
and small in flux. We can deduce that it is necessary to define now small and large torque 
variations. This requires to divide the hysteresis band of the torque into four parts. Then, a 
twelve-sectors look-up table is provided as shown in Table 2.2: 





ctrq = 2 V2 V3 V3 V4 V4 V5 V5 V6 V6 V1 V1 V2 
ctrq = 1 V2 V2 V3 V3 V4 V4 V5 V5 V6 V6 V1 V1 
ctrq = −1 V1 V1 V2 V2 V3 V3 V4 V4 V5 V5 V6 V6 




ctrq = 2 V3 V4 V4 V5 V5 V6 V6 V1 V1 V2 V2 V3 
ctrq = 1 V4 V4 V5 V5 V6 V6 V1 V1 V2 V2 V3 V3 
ctrq = −1 V5 V5 V6 V6 V1 V1 V2 V2 V3 V3 V4 V4 
ctrq = −2 V5 V6 V6 V1 V1 V2 V2 V3 V3 V4 V4 V5 
Table 2.2 Look up switching table with twelve sectors. 
Considerable studies in literature mentioned that the increasing of the number of the 
sectors have a slight effect on reducing the high ripples and current harmonics. In addition, 
the twelve sectors DTC provides good dynamic in high and low speed regions [Tou07]. 
Therefore, the 12 sectors DTC will be chosen instead of the 6 sectors DTC for 
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2.5.3 Speed regulation in DTC strategy 
 DTC strategy has the ability to operate even without a speed regulation loop, so it 
doesn’t require any information about rotor speed. This can classify DTC as a speed 
sensorless strategy for many industrial applications. Otherwise, to achieve an adjustable 
speed control, a speed controller is necessary to have a speed regulation and to generate the 
reference of electromagnetic torque.  
Commonly, the proportional-integral (PI) controllers are used for the regulation. It is 
performed by comparing the speed reference signal to the actual measured speed value. Then 
the comparison error becomes the input of the PI controller. The poles placement method is 
used to determine the controller gains (Appendix A.2).  
The tuning of PI controllers is usually disregarding the physical limitation of the 
system such as the maximum current and voltage. The used PI controller in our work in the 
outer speed loop is the anti-windup controller. It allows to enhance speed control 
performance by cancelling the windup phenomenon which is caused by the saturation of the 
pure integrator [Yan15]. Fig.2.8 shows the speed anti-windup PI controller diagram block.  
 
Fig.2.8 Speed anti-windup PI controller. 
 This strategy consists on the correction of the integral action based on the difference 
between the control signal and the saturation limit. The difference value is passed through a 
gain block (tracking time constant Ti) before arriving as feedback to the integrator. 
2.5.4 Global scheme of basic direct torque control 
The global control scheme of basic direct torque control strategy is shown in Fig.2.9. 
It is composed of: speed regulation loop using PI controller, decoupled flux and torque 
hysteresis controllers, look-up switching table, an association of VSI-Induction motor, 
voltage and current calculation blocks with 3/2 (Concordia) transformation and flux/torque 
estimators with position/sector determination. 
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Fig.2.9 Global control scheme of basic direct torque control.  
2.6 Constant Switching Frequency Direct Torque Control Using SVM 
  The main drawbacks of the conventional direct torque control are the variable 
switching frequency and the high level of ripples. Consequently, they lead to high currents 
harmonics, an acoustical noise and they degrade the control performance especially at low-
speed values [Asf16]. The ripples are affected proportionally by the width of the hysteresis 
band. However, even with choosing a reduced bandwidth values, the ripples still important 
due to the discrete nature of the hysteresis controllers. Moreover, the very small values of 
bandwidths increase inverter switching frequency [Udd12].  
  The insertion of the space vector modulation (SVM) in DTC control scheme has been 
discussed also in literature. SVM preserves a constant switching frequency which can reduce 
high torque/flux ripples and minimize current harmonic distortion. Consequently, an 
effective control of the stator flux and torque is achieved. Several SVM-DTC methods have 
been proposed according to their structures, such as, the closed loop torque control and the 
closed loop torque and flux control.   
  This section presents a constant switching frequency DTC strategies based on the 
closed loop torque and flux control in order to improve the classical DTC strategy. This 
technique uses two (PI) controllers instead of hysteresis controllers to achieve a decoupled 
control and replaces the switching table by SVM unit for the switching signals calculation 
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2.6.1 Space vector modulation algorithm 
  SVM is different from the conventional pulse width modulation (PWM). It relies on 
the space vector representation of the inverter output. There are no separate modulators for 
each phase. The reference voltages are given by space voltage vector (i.e. voltage vector 
components in the complex plan) [Zlk05]. The principle of SVM is the prediction of inverter 
voltage vector by the projection of the reference vector Vs* between adjacent vectors 
corresponding to two non-zero switching states. [Hab92; Amr15]. For two-levels inverter, 
the switching vectors diagram forms a hexagon divided into six sectors, each one is expanded 
by 60° as shown in Fig.2.10. 
 
Fig.2.10 Diagram of voltage space vector. 
The application time for each vector can be obtained by vector calculations and the 
rest of the time period will be spent by applying the null vector. 
 
Fig.2.11 Reference vector as a combination of adjacent vectors at sector 1. 
  When the reference voltage is in sector 1 (Fig.2.11), the reference voltage can be 
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The volt-second principle for sector 1 can be expressed by: 
*
1 1 2 2 0 0s zV T V T V T V T                                       (2.23) 
1 2 0zT T T T                                            (2.24) 
T1, T2 and T0 are the corresponding application times of the voltage vectors respectively. 
Tz is the sampling time. 
The determination of times T1 and T2 corresponding to voltage vectors are obtained 
by simple projections: 
* *






                                     (2.25)             
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                                                          (2.26) 
Vdc: DC bus voltage. 





T T TT                              (2.27) 
1bon aonT T T                                      (2.28) 
2con bonT T T                              (2.29) 
 
Fig.2.12 Switching times of sector 1. 
Table 2.3 summarizes switching times (output) for each sector as: 
Sector 1 2 3 4 5 6 
aS  Tbon Taon Taon Tcon Tbon Tcon 
bS  Taon Tcon Tbon Tbon Tcon Taon 
cS  Tcon Tbon Tcon Taon Taon Tbon 
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2.6.2 Stator flux oriented (SFO) SVM-DTC strategy   
  The SFO-SVM direct torque control strategy consists on controlling both of stator 
flux and torque directly without any current regulation. This can help to achieve a good 
tracking and fast response. The control strategy is expressed in stator-ﬂux-oriented 
coordinates (SFOC). The orientation makes a decoupling between flux and electromagnetic 
torque, where the stator flux vector becomes aligned with the d-axis and torque with the q-
axis. It’s well known that the d-axis is the magnetizing axis and q-axis is the torque axis 
[Sab14]. This strategy combines the advantages of both of direct torque control and field 
oriented control [Wjk09]. 
  SVM-DTC uses the dynamic model of the induction machine in the synchronous 
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The stator field-orientation method is based on the alignment of stator flux vector with the 









                                           (2.31) 
Consequently, the voltage model can be written as: 
s
sd s sd











                                                 (2.32) 
The electromagnetic torque is given by: 
e s sqT p i                               (2.33) 
This algorithm achieves stator flux and torque closed-loop control with SVM to 
produce the inverter's command signals. Mostly, decoupled PI controllers are used to receive 
the stator flux and torque errors as inputs and generate the (d, q) voltage components 
 ,sd sqV V in a synchronous reference frame [Las00; Sab14].  
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Fig.2.13 shows the global block diagram of the stator field oriented DTC with SVM. 
 
Fig.2.13 Global control scheme of stator flux oriented SVM- direct torque control. 
2.7 Simulation Results  
The DTC control algorithms have been simulated by MATLAB/Simulink software. 
A comparative study between the switching table classical DTC and the SFOC direct torque 
control with SVM (SVM-DTC) is presented. The simulation has been conducted for a three 
phases 1.1 kW squirrel-cage induction motor with characteristics given in the appendix 
(A.II). Different operation conditions are employed for both control methods. The starting 
up and the steady states of the controlled motor with load introduction are presented firstly. 
Then the rotation sense reversing test and low speed operation are presented. 
For the classical DTC, the chosen bandwidths of the hysteresis controllers are ± 0.005Wb 
for flux and ±0. 05N.m for torque. 
2.7.1 Starting up and steady states with load application 
This section presents the starting up state of the induction motor according to speed 
step reference of 1000 rpm. Then, a load of 5N.m at t=0.5s is introduced. Figs.2.14-2.24 
show respectively rotor speed, torque, stator phase current isa with THD analysis, stator flux 
components, flux magnitude and the circular trajectory. The figures are specified: ((a) for 






























































































Fig.2.14 Rotor speed response at the starting up and steady states followed by load application. 
a b 





























Fig.2.15 Electromagnetic torque with load application of 5 N.m at t=0.5s. 
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Fig.2.19 Stator flux magnitude [Wb]. 
 







































Fig.2.20 ZOOM of Stator flux magnitude. 
 



















































Fig.2.21 ZOOM of stator flux components.  
 






The displayed simulation results above (Figs.2.14-2.24) show the starting up and the 
steady states with load application for the DTC controlled induction motor. Fig.2.14 
illustrates the comparison between speed responses of conventional DTC and SVM-DTC 
according to the speed reference step of 1000 rpm. The load disturbance has been introduced 
at (t=0.5s). The figure shows that both techniques show good dynamic at starting up. We 
can notice that the speed regulation loop rejects the applied load disturbance quickly. The 
SVM-DTC in Fig.2.14(b) kept the same fast speed response of DTC strategy. Since the same 
PI speed controller is used for both schemes, there is no difference in the transient response.  
Then, Fig.2.15 illustrates the torque responses with by load application. The figure 
shows that at the beginning the speed controller (PI anti-windup) operates the system at the 









































Flux axis alpha [Wb]  
 Fig.2.22 Flux circular trajectory (α,β) [Wb]. 
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physical limit. It can be seen clearly that the constant switching frequency based DTC 
strategy in Fig.2.15(b) has a reducer ripples level owing to the use of SVM compared to the 
conventional DTC in Fig.2.15(a), where it is observed that the high torque ripples exceed 
the hysteresis boundary.  Next, in Figs.2.16-2.18, the stator phase current with ZOOM and 
its FFT analysis are presented. The conventional DTC in Fig.2.17(a) shows a chopped 
sinusoid waveform of current which indicates to high harmonics level, while SVM-DTC in 
Fig.2.17(b) shows a smoother sinusoid waveform. It can be justified in the next figure where 
SVM-DTC has lower THD level (total harmonics distortion), 8.38% in Fig.2.18(b) 
compared to 21.07% for the classical DTC in Fig.2.18(a).  
After that, Figs.2.19-2.22 exhibit the stator flux evolution (i.e. stator flux magnitude, 
components and circular trajectory). In Fig.2.19(a), it is clear that the flux ripples of the 
conventional DTC have exceeded the hysteresis boundary. The magnitude and the trajectory 
illustrate that the flux takes a few steps before reaching the reference value (1Wb) at the 
starting stage due to the zone’s changing (Fig.2.20(a), Fig.2.22(a)). The stator flux 
components show an acceptable waveform but high ripples level (Fig.2.21(a)). The SVM-
DTC in Figs.2.20(b)-2.22(b) shows a reducer flux ripples, faster magnitude tracking at the 
starting up and better components waveform than the conventional DTC. Fig.2.23 presents 
the position of the stator flux vector. Finally, Fig.2.24 shows the comparison of inverter 
switching state of the first voltage phase (Sa) for both techniques. For the classical DTC in 
Fig.2.24(a), it is observed that the switching frequency is variable, this leads to considerable 
commutation losses which is a major disadvantage in this strategy. Contrariwise, the 
presented switching state in Fig.2.24(b) shows that the switching frequency of SVM-DTC 
is constant and each inverter’s interrupter has a rest moment (switching off), this can reduce 
the commutation losses.  
2.7.2. Rotation sense’s reversing 
This section presents the test of rotation sense’s reversing of the IM from (1000 rpm 
to 1000 rpm). The following figures show rotor speed, torque, current and flux components. 
The figures are specified: ((a) for conventional DTC, and (b) for SVM-DTC). 



















































































Time[s]  Time[s]  
Fig.2.26 Rotation sense reversing : Electromagentic torque [N.m]. 

















































































  A speed reversal from positive to negative value (1000 rpm; –1000 rpm) is executed 
in (Figs.2.25-2.30) in order to show that DTC can operate at different speed points. During 
the reversing stage, the speed controller shows a similar behavior as the starting up state by 
operating the system at the physical limit. This can be seen clearly in torque response 
(Fig.2.26). The speed and torque response in (Figs.2.25-2.26) show good dynamic and 
reference tracking while transient and steady state. The SVM-DTC provides better dynamic 
with reduced torque ripples in this condition also.  In Figs. 2.27-2.29, the sense’s reversing 
of stator current and flux components is presented for both techniques. They show good 
sinusoid waveform with a reduced level of harmonics for SVM-DTC. The flux angle has 
been shown in Fig.2.30 in order to indicate the reversing of rotation direction. 
2.7.3. Low speed operation 
The figures below depict the test of operating at low and medium speeds of the DTC 
controlled IM. This test has been employed as a speed variation in low region from (200 rpm 
to 600 rpm ≈ 20.93 rad/s to 62.8 rad/s). The figures show rotor speed, flux position, stator 
phase current, flux magnitude and electromagnetic torque. 











































































































































Fig.2.31 Low speed operation: Rotor speed [rpm]. 




































































































































































Fig.2.31 shows the speed reference changing of (200 rpm–600 rpm), the flux angle 
has been added in Fig.2.32 to indicate the variation of the rotation frequency. It can be seen 
that the rotor speed presents an overshoot at the starting up, moreover, it has presented some 
fluctuations for both control strategies. In addition, the level of current harmonics and flux 
ripples has been increased for the classical DTC in Fig.2.33(a), while the SVM-DTC kept 
an acceptable current waveform. Then, in Figs.2.34-2.35, the flux magnitude and 
electromagnetic torque are presented with ZOOM. We can observe that the flux magnitude 
has been deformed as well as the torque, especially at 200 rpm. Generally, at low speeds, the 
machine becomes unstable, the torque performance is diminished and speed regulation may 
be inaccurate. 
2.8. Real-Time Control of Induction Motor 
The real-time control of the induction motor is employed basing on dSpace 1104 
board.  dSpace is an input-output (I/O) interface between the power electronics converter 
and the software part (MATLAB/Simulink/Controldesk). The experimental setup based on 
dSpace and induction motor drives has been designed and constructed in order to check and 
validate the simulation results above. The realized implementation ground of LGEB 
laboratory of Biskra is shown in Fig. 2.36(a). A simplified real-time control scheme is 
presented in Fig.2.36(b). All details about the experimental setup components will be 
presented in the Appendix A.3.   
For implementation purpose, the choice of sampling frequency has an apparent 
influence on quality of signals, especially the phase currents and the produced 
electromagnetic torque, regardless to the implemented control algorithm. The sampling 
frequency of dSpace 1104 can reach 20 kHz. However, due to some limits and constraints 
imposed by real-time implementation and the degree of complexity of the control algorithm 
we were obliged to choose a reducer value of sampling frequency (10 kHz).  
















































Fig.2.36 Presentation of the experimental setup.  
2.9. Experimental Results 
The experimental results have been obtained by GW-INSTEK numerical 
oscilloscope which was linked with the real-time interface. The THD analysis has been 
obtained by Fluke 3 phase power analyzer. The figures below exhibit the experimental 
results of the comparative analysis of the SVM-DTC compared with conventional DTC. The 
conducted tests are the same as the presented in the simulation section (i.e. starting up and 
steady states, load application, rotation sense’s reversing and low-speed region). (The figures 
are specified :(a) for conventional DTC and (b) for SVM-DTC). 
2.9.1. Starting up and steady states with load application 
 
Fig.2.37 Starting up: Rotor speed and torque responses with load application of 5 N.m. 











Fig.2.38 Rotor speed and electromagnetic torque with load application of 5 N.m. 
Fig.2.39 Stator phase current with load application. 
 












Fig.2.41 Stator flux magnitude. 
 
Fig.2.42 Stator flux axes components (ψsα, ψsβ) and position. 
 














Fig.2.44 Inverter switching state Sa. 
  Fig.2.37 shows the experimental results of the starting up of the motor, a load 
application for classical and SVM-DTC. The figure illustrates from the top to bottom rotor 
speed (1div=500 rpm) and electromagnetic torque (1div=5N.m). Both of control strategies 
featured by an identical speed response owing to the use of PI controller for both schemes. 
Fig.2.38 is a ZOOM of load application instant. It is clearly observed that SVM-DTC has 
the reducer torque ripples level. Next, in Fig.2.39 the stator phase current is presented in the 
same conditions. It can be seen in Fig.2.39(b) that the SVM-DTC shows better sinusoid 
waveform of current with less harmonics. Furthermore, it has been verified through THD 
analysis in Fig.2.40, that the SVM-DTC has lower harmonic level (14.3%) than the classical 
DTC (22.8%). We can notice that these values are different with the obtained ones in 
simulation section due to some constraints in experimental implementation especially the 
chosen sampling time. 
  Then, in Figs.2.41-2.43, the flux figures are depicted, they show flux magnitude 
(1div=0.5Wb), flux axes components (1div=1Wb) and circular trajectory respectively. All 
the presented results give a similar appearance as the simulation results. The flux magnitude 
of the conventional DTC in Fig.2.41(a) exceeds the hysteresis band, moreover, it shows in 
its circular trajectory (Fig.2.43) that it takes a few steps before reaching the reference value 
(1Wb). By comparing the results of Figs.2.41-2.43(a) with Figs.2.41-2.43(b) it can be seen 
that the flux ripples are considerably reduced in SVM-DTC. Finally, Fig.2.44 shows the 
comparison of inverter outputs through the adaptation circuit in the range of (0V-15V) 
(1div=5V). This represents the amplified image of the inverter switching states of the first 
inverter leg (Sa). The classical DTC in Fig.2.44(a) provides a variable switching frequency 
compared to the SVM-DTC in Fig.2.44(b) which presents a constant switching frequency 
due to the use of SVM where the inverter had a switching off moment for each interrupter.  
a b 
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2.9.2. Speed sense’s reversing 
 
Fig.2.45 Rotation sense’s reversing: Rotor speed, electromagntic torque. 
 
Fig.2.46 Rotation sense’s reversing: Rotor speed, electromagntic torque (ZOOM). 
 
Fig.2.47 Rotation sense’s reversing: Flux components, current and flux position. 
The test of speed direction reversing has been employed in the figures above 
(Figs.2.45-2.47). The speed reference is changing from (1000 rpm; –1000 rpm). Fig.2.45 
illustrates the rotor speed (1div=1000 rpm) and the electromagnetic torque (1div=5N.m), 
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As we have presented in the simulation section, the motor has been operated at the 
physical limit at the transient state during the sense’s reversing. Fig.2.47 presents from the 
top to the bottom flux components, stator phase current and flux position. We can see that 
SVM-DTC offers low ripples and harmonics in this operation condition (Fig.2.47(b)).  Both 
strategies show fast dynamic in this stage, in spite of the important level of ripples for the 
conventional DTC. The flux position is added to indicate the sense’s changing.   
2.10.3. Low speed operation 
 
Fig.2.48 Low speed operation test :(200 rpm600 rpm): Speed, current and flux position. 
 
Fig.2.49 Low speed operation test (200 rpm600 rpm): Flux magnitude, torque. 
The low speed operation is the last considered test. It is shown in Figs.2.48-2.49 
where the reference speed changes from low to medium speed regions (200 rpm; 600 rpm). 
As presented in the simulation section, the rotor speed shows a degraded dynamic and an 
inaccurate reference tracking (Fig.2.48). It can be seen that the rotor speed has shown an 
overshoot at the starting up and some fluctuations for both control strategies. In addition, the 
level of current harmonics has been increased specially for the classical DTC at (200 rpm ≈ 
20.93 rad/s) as illustrated in Fig.2.48(a), while the SVM-DTC kept an acceptable current 
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electromagnetic torque. It is observed that the flux waveform has been deformed and the 
torque has been distorted.  
When the machine operates with low speed/frequency, the performance of DTC has 
been diminished comprehensively. In physical explanation, at low speeds, the back EMF 
decreases as the rotor speed slows and the stator resistance voltage dropping becomes 
significant compared to the commanded voltage. This dropping voltage cannot be longer 
neglected. Therefore, the accuracy of stator flux estimation at very low speed range becomes 
a major issue. 
In general, the experimental results have validated the simulation by giving a similar 
behavior in all tests. However, the existence of small disagreement between the results is 
noticed. This is owing to many reasons. The most influential factor is the limited sampling 
time of the processor. In addition, the ideality of the simulation unlike the inaccuracies which 
exist in the real-time implementation, the dead times of the inverter switching signals and 
the measurement offset.  
2.10 Comparative evaluation of direct torque control techniques 
The switching table based DTC is featured by simple decoupled control scheme and 
fast dynamic torque response, while the direct torque control with space vector modulation 
combines the advantages of DTC and FOC strategies. According to the mentioned 
comparative analysis, the following table summarizes the features of the SVM-DTC control 
scheme compared to the conventional DTC. 
Classical DTC with switching table SVM-DTC Structures 
 Fast dynamic torque response. 
 No coordinate transformation. 
 No current regulation.  
 Independence on machine parameters. 
 High current and torque and flux ripples. 
 Variable switching frequency. 
 High noise levels at low speed operation 
 High switching losses. 
 Fast dynamic torque response. 
  No coordinate transformation. 
 No current regulation.  
 Independence on machine parameters. 
 Reduced torque and flux ripples. 
 Constant switching frequency. 
 Good dynamic at low speed operation. 
 Low switching losses. 
+ Advantages;  Disadvantages 
Table.2.4 Advantages of DTC–SVM compared to the classical DTC. 
 




This chapter presents a general study about the basic direct torque control of 
induction motor drive. The used model for the control and the main concepts of DTC strategy 
have been introduced firstly. DTC uses separated hysteresis controllers for stator flux and 
electromagnetic torque control, and a lookup switching table for voltage vector selection. 
The speed regulation in the outer control loop has been done using an anti-windup PI 
controller to solve the problem of using a pure integrator. Moreover, in purpose of improving 
the conventional DTC, this chapter presents a constant switching frequency DTC control 
method based on SVM. 
The performances of the two DTC methods has been investigated as a comparative 
study by the numerical simulation using MATLAB/Simulink. Furthermore, an experimental 
implementation has been employed in order to validate the theory and the simulation results. 
It has been done using MATLAB/Simulink with real time interface linked to dSpace 1104 
board. 
The obtained experimental results have been discussed also and resembled to 
simulation results. Generally, the test results indicate that the torque and the stator flux 
ripples have been considerably reduced owing to the SVM use. In addition, the stator phase 
current provides good current waveform with less harmonics. Furthermore, SVM-DTC 
achieves better dynamic control under different operation conditions, such as load 
application, speed sense’s reversing and low speed operation. 
  The insertion of SVM in DTC control scheme solves the most common DTC 
drawbacks (i.e., high flux and torque ripples). However, this modified algorithm has moved 
a bit from the principles of DTC. It uses a non-stationary frame (synchronous frame) and 
requests axes coordinate transformation which increase the complexity of control scheme. 
Furthermore, it becomes more vulnerable to sensitivity against external disturbance and 
parameters variation due to use of PI controllers. The next chapter will present a proposed 
DTC algorithm based on a nonlinear approach in order to overcome the aforementioned 
problems and achieve a robust decoupled machine control in the stationary reference frame.  
 
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
Chapter 03  
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Feedback Linearization and Sliding 
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The last chapter proposed a constant switching frequency strategy to cover the main 
drawbacks of the conventional DTC. It replaces the hysteresis controllers and the switching 
table by two (PI) controllers and SVM unit to modulate the generated reference voltages 
and produces the inverter switching states. However, this modification moved a bit away 
from the principles of DTC. It bases on a non-stationary frame which may increase the 
complexity of control’s algorithm by requesting coordinates transformation. In addition, the 
robustness and the stability of the system can be affected by parameters variation owing to 
the use of PI controllers. Since the machine parameters are obtained by classical 
identification experiments, the measurement errors cannot be avoided. Furthermore, the 
values of parameters cannot be fixed because of the physical properties which can be 
influenced by environment conditions, namely, the resistance varies with temperature and 
the inductance with saturation.  
To solve these problems and ensure a perfect decoupling, various control methods 
are presented for this context, such as the artificial intelligent techniques and the adaptive 
control [Sab14; Amr16]. The robust nonlinear control techniques were also mentioned 
widely in power electronics and drives field, like the backstepping, the input-output 
feedback linearization (IOFL) and the sliding mode control [Haj10; Zha10; Kow14a; Zaa16; 
Las17]. The feedback linearization is a nonlinear approach which can improve the 
performance of the system by disappearing the coupling effect. It converts a nonlinear 
system into an equivalent linear one to make it simpler for control design [Yaz08]. The 
sliding mode control (SMC) is also a control method which provides an excellent 
performance for the electrical drives. Moreover, it shows high robustness and simple 
software and hardware implementation.  
This chapter presents a combination of SVM-DTC with input-output feedback 
linearization and sliding mode control approaches. This incorporation can cover the 
disadvantages of SFOC SVM-DTC and achieves fast dynamic robust control in stationary 
frame. The decoupled model of the induction motor is presented by assuming the stator flux 
and electromagnetic torque as control states. The global control strategy will be investigated 
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3.2 Nonlinear Control Strategies 
3.2.1 Input-output feedback linearization (IOFL) approach  
The feedback linearization theory was introduced by Isidori [Isi95]. It has been used 
for various applications in the area of power electronics and drives. The main idea of IOFL 
is to transform algebraically a nonlinear system dynamic into linear one by cancelling its 
nonlinearity. Then, it uses an inverse transformation to obtain the desired control for the 
original nonlinear system [Zha10]. The input-output feedback linearization has been 
suggested to improve SVM-DTC in several works [Yaz08; Cho16; Las17]. It can guarantee 
a good decoupling of the motor torque and stator flux. Thus, this control method gives a 
possibility to get very good behavior in both dynamic and steady states [Kow14b].   
For generalized multi-input-multi-output (MIMO) nonlinear system having n states 

















                                   (3.1) 
where1 i m  , nx   is the state vector, mu  is the control input, y is the output state 
vector, f and g are smooth vector fields on n and h is a smooth nonlinear function. 
3.2.1.1 Relative degree and lie derivatives 
The lie derivative and relative degree of the nonlinear system play an important role 
for SISO and MIMO systems. The partial relative degrees ri is equal to the number of times 
that the output yi has to be differentiate until at least one input appears in the derivative. The 








                                      (3.2) 
The Input-output linearization of MIMO systems is obtained by differentiation of 
each output r times. For each output signal, we define j  as the smallest integer such that 
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and at least one term  1 0ji ijG F u   . 
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3.2.1.2 Control design 
After performing the procedure for each output, we are left with the m equations 
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The matrix C(x) is defined as the decoupling matrix of the system. It is given by: 
 
   
   











G F G F
C x









                                       (3.5) 
As long as C(x) is non-singular, then the linearizing control law u can be obtained as: 
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                                                                           (3.6) 
where  1 2 ....
T
mV V V is the auxiliary inputs which imposed by the designer.  






i rirefV y k e k e k e
                                                  (3.7) 
where e is the tracking error given by refe y y   
ir
k is a positive coefficient should be chosen to guarantee the system convergence. 
The shown block diagram in Fig.3.1 describes the linearization by state feedback, 
which transforms the original system into a linear decoupled equivalent system under the 
condition that the decoupling matrix is non-singular. 
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3.2.2 Application of IOFL on direct torque control for IM drive (IOFL-DTC) 
3.2.2.1 Model presentation 
For the proposed nonlinear input-output feedback linearization controller, the 
induction motor model can be written in stationary frame as follows: 
( ) sx f x gV                                                                                   (3.8) 
[ ]Ts s s sx i i                                                                                       (3.9) 
1 1 1 1
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                                                              (3.11) 
where: 
f(x) is nonlinear function of the state variable x, 
Vsαβ: represents the control vector applicable to the system, which is represented in stator 
voltage components. 
3.2.2.2 IOFL-DTC control design  
In order to maintain a fast-decoupled torque control of the IM drive, the assumed 
system outputs are the electromagnetic torque and the square of stator flux magnitude. This 
latter acts an important role in the motor’s performance and it reduces the control design 
complexity [Yaz08; Kow14a].  
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e1, e2: torque and flux tracking errors. 
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The determinant of the matrix C(x) is expressed as follows: 
det( ( )) [ ]sr s r s r
s r
MC x p
L L    
   

 
                                                                       (3.17) 
Where: 
ψrα, ψrβ are rotor flux components. 
The rotor flux can be obtained from the stator flux and stator current as: 
r s s r s
r
sr






                                                                                       (3.18) 
The matrix C(x) is a non-singular matrix, it cannot be equal to zero because the 
product of the stator and the rotor flux cannot be zero [Zha10]. As long as the system is 
linearizable, we can impose on it the desired dynamics.  
The input-output feedback linearization of the system will be given as: 
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V1 and V2 are presumed auxiliary inputs to ensure more tracking accuracy and desired 
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                                       (3.21)   
k1 and k2 are constant gains, they have been supposed appropriately positive to have an 
exponential convergence of the torque and the square of stator flux magnitude errors. The 
performance of the IOFL-DTC is certainly depending on the suitable choice of these gains. 
The small gains values can cause a slow convergence and weak robustness of the system, 
while the very large values can lead to high perturbations and system instability. 
Consequently, the control gains are seriously effective on the control performance [Cho16].  
The feedback linearization control law (3.19) can be written as following: 



















The control law should be chosen to satisfy Lyapunov stability’s condition. The Lyapunov 
candidate function for MIMO systems is known by:  
1
2
TV e e                                            (3.23) 
The time derivative of Lyapunov function is given by: 
TV e e                                    (3.24) 
The stability condition 0V  has to be verified. By substituting (3.21) in the derivative of 
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and it gives: 
2 2
1 1 2 2V k e k e                                                     (3.26) 
For 1k  and 2k  positive, the derivative V is negative, which guarantees that the errors 
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3.2.2.3 Feedback linearization improvement  
The classical feedback linearization has a non-robust dynamic in the presence of 
uncertainties. In [Far06], the performance of the obtained feedback linearization control law 
has been associated with a McFarlane and Glover H  controller [Glo92], which called 
robust feedback linearization. In [Ben99b] FOC control based on IOFL strategy for 
induction drive has been combined with another robust control technique which is the 
sliding mode control (SMC). A new DTC controller that integrates IOFL with SMC is 
presented in [Yaz08; Las17; Amr17a]. The disadvantages of IOFL which are the sensitivity 
of the linearized model to uncertainties and parameters variation motivate the use of SMC. 
The next sections present a brief theory about SMC and the insertion of SMC technique in 
IOFL-DTC control law. 
3.2.3 Sliding mode control  
The SMC is a variable structure control method which is widely known in the 
automatic and control field. The strength points of the SMC are the robustness against 
uncertainties, fast response and simple software and hardware implementation [Utk93; 
Kow14a]. SMC bases on forcing the system trajectory to slide along a switching surface 
under determined control law. It consists of two phases, a reaching phase where the state 
trajectory is driven to the surface S= 0 and reaches it in a finite time, followed by a sliding 
phase where it slides on the switching surface to an equilibrium point, as shown in Fig.3.2 
[Gad09]. 
 
Fig.3.2 Sliding mode principle of state trajectory.  
3.2.3.1 Sliding surface choice   
The design of SMC can be achieved into two phases. The first phase is determining 
the switching surface. In engineering applications, the error between control objectives and 
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The second phase is to design the control law in a way that to steer the system 
trajectory to the sliding surface [Slo91; Raf12]. The well applied sliding surface was 








                                                (3.27)  
Where S is the sliding surface,  is positive constant, e is the system error and n is the system 
relative order.  
3.2.3.2 Existence conditions of sliding mode 
The sliding mode must exist in all points of the surface S = 0. To guarantee that the 
system state stays in sliding mode after the reaching phase, the existence conditions should 

















                          (3.28) 
It means that if S is positive, then its derivative should be negative and if S is 
negative, then its derivative should be positive. It can be written in a simplified way as: 
0SS                          (3.29) 
 Since the existence problem looks like a generalized stability problem, it can be 
summarized in terms of Lyapunov’s theory as the follows [Bra09; Ben16]: 
21
2
V S                             (3.30) 
The aim is to determine a control law such that 0V   in order to drive the system states to 
the sliding-mode surface: 
0V SS                          (3.31) 
when 0S  , V is negative definite. Therefore, for finite time convergence the condition 
(3.31) ensures asymptotically convergence towards the sliding surface. 
3.2.3.3 Control design  
There are various methods in literature for control design. The most common of 
them are the relay control, the equivalent control scheme and the linear feedback with 
switched gains. The equivalent control is the most used structure for the control of electrical 
machines (Fig.3.3). It is preferred due to the relay control which is more suitable for the 
structure of the power electronics converters [Faq03]. 




Fig.3.3 Equivalent control structure. 
The design of sliding mode control is mostly performed by two parts.  The equivalent 
control ueq is added to another control term called the discontinuous control un in order to 
ensure that the state trajectory reaches and stays on the switching surface.  
The control law expression is given by: 
eq nu u u                    (3.32) 
By considering the following state system: 
( ) ( )ux A x B x                         (3.33) 
 The equivalent control is found by recognizing that 0S   is a necessary condition 
for the state trajectory to stay on the switching surface S=0 [Hun93].  






                  (3.34) 
By substituting (3.32) and (3.34) into Eq (3.33): 
eq n( ) (x)u (x)u





                  (3.35) 
The equivalent control is defined during the sliding phase and the steady state where 
0S S   and un=0 [Ben16]. 
1
( ) ( )eq
S S






                      (3.36) 
The existence of an inverse matrix is a necessary, which means the next condition (3.37):   
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The discontinuous control un is determined during the convergence state and must guarantee 







                  (3.39) 





. The discontinuous control is defined as a switching term formed by relay 
function sign(S) multiplied by a constant coefficient K.  










                    (3.40) 
 nu Ksign S                    (3.41) 
The coefficient K must be positive to ensure the convergence condition. 
In our applications, the “sign(S)” will be replaced by sigmoid function “sigm(S)” in order 
to limit the effect of chattering. 
2( ) 1
1 eqS
sigm S    
 
                      (3.42) 
q is a small positive constant which adjusts the sigmoid function slope.  
3.2.4 Second order sliding mode control 
The second order sliding mode algorithms require information about S and S . They 
have  the ability to stabilize the system having a relative degree 2, except the super twisting 
which is dedicated for systems having a relative degree 1. The common second order SMC 
algorithms in control filed are presented in the following. 
3.2.4.1 Twisting control 
The twisting algorithm was introduced by Lewantowski in 1985 and Levant 1993 





V sign S if SS
u




                           (3.43) 
To ensure the stabilization in finite time ( 0S S  ) the proper choice of Vm and VM should 
be given as: 
0
4
; ; ;MM m m M m M M m
m
V V V V V V
s
 
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By assuming uncertain second-order system: 
( , x) ( , )s t t x u                          (3.44) 
( , x)t and ( , )t x  are uncertain functions and the bound , m, M and s0 are known by: 
( , x)t  , 0 ( , )m Mt x     , 0( , )s t x s .  
The system trajectory rotates (“twists”) in the plane ( ),S S  around the origin and converges 








Fig.3.4 Phase trajectory of twisting algorithm. 
3.2.4.2 Sub-optimal control 
The sub-optimal algorithm was proposed by Bartolini in 1997 [Bar97]. The control 
law of this algorithm is described by the following expressions: 
*
( ) ( ) 0
( ) ( ) 0
M M M
M M M
Usign S s if S s s
u
Usign s if S s s
 
  
   
 
   
                   (3.45) 
where: U > 0 is the minimum control magnitude, α∗ >1 is the modulation factor, β is the 
anticipation factor, and sM is the value of S at the last instant where 0S  . 
3.2.4.3 Super twisting control 
Super-twisting algorithm was proposed by Levant [Lev93; Lev03]. Since an nth order 
sliding mode control algorithms require information about ( 1), , ,..., nS S S S  . This algorithm 
can provide a continuous control by using only the information on S and the evaluating of 
the sign of S  is not necessary. The convergence of this algorithm is also described by the 
rotation around the origin of the phase diagram ( ),S S .  
The super twisting algorithm has the advantage over the other algorithms that it does 
not demand the time derivatives of sliding variable. The super twisting (ST) control law uST 
is formed by two parts. The first discontinuous term u1 is defined by its derivative with 
respect to time 1u while the second is given by the function of the sliding variable u2.  
The ST control law is defined by: 
1 2( ) ( )STu u t u t                                                         (3.46) 
𝑆 
𝑆ሶ 


















S sign S if S S
u








                                                     (3.48) 
λ and K are positive gains used to adjust the ST controller.  
The control law convergence can be reached by an arbitrarily adjusting of these gains 
[Ras05]. Generally, the gain  is more effective in system response. The gain K has an effect 
in steady state accuracy. The suﬃcient conditions for a ﬁnite-time convergence are imposed 
















                                                (3.49) 
Ф is defined as the positive bounds of the uncertain function ϕ. Γm and ΓM are the lower and 
the upper positive bounds of the uncertain function γ at the second derivative of the sliding 
manifold [Lev03; Ras05],  
where:  
   and    M mФ                                                                                                (3.50) 
The degree of nonlinearity can be adjusted by the coefficient ρ which is defined in 
the interval (0 < ρ≤ 0.5). It is fixed mostly at “0.5” to realize that the maximum of second 
order sliding mode control is achieved [Ras05]. The controlled system can be simplified 
when it is linearly dependent on the control law.  Then, Ф, s0, Γm  and ΓM  will be considered 







STu S sign S u
u Ksign S

   

 
                              (3.51) 
3.2.5 Application of first order sliding mode control on direct torque control 
The control design in this section is presented as reformulation of the IOFL-DTC 
using the same developed model. This reformulation design called sliding mode feedback 
linearization direct torque control (SMFL-DTC).  
The flux and torque tracking errors represent the sliding surfaces as follows:  
*
1 1 e eS e T T                              (3.52) 
2 2*
2 2 s sS e                               (3.53) 
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To generate the sliding control law, the derivative of sliding surfaces can be written 











    
   
                          (3.54) 
The derivative of sliding surfaces function S will be decoupled with respect the 
reference stator voltage vectors (control outputs). The switching function should be chosen 
in manner to keep sliding mode behavior stable. 
1 2 ( )S k S k sign S                                  (3.55) 
When the switching surface S = 0 and by equalizing (3.54) and (3.55), we can define the 
general control law: 
1 1
1 2[ ( )]U C k S k sign S C F                               (3.56) 








    
      
     
                                       (3.57) 











   
       
                       (3.58) 
The discrete (commutation) control is defined as the auxiliary inputs: 
11 1 12 11
21 2 22 2
( )( ) ( )
c
c
V k S k sign S
C x
V k S k sign S


           
                    (3.59) 
where: 
k11,k12,k21,k22: are positive constants 
The global control law U will be expressed as: 
1 11 1 12 11
2 21 2 22 2
( )( ) ( )
s
s
V F k S k sign S
C x
V F k S k sign S


            
                           (3.60) 
The control law should be chosen in such manner to attract the system trajectory to 
the sliding surface and satisfy the Lyapunov stability’s condition which is given as: 
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By substituting the switching function (3.55) in the derivative of Lyapunov function we can 
obtain: 
 1 2 ( )TV S k S k sign S                            (3.62) 
Then: 
1 2 ( )T TV k S S k S sign S                             (3.63) 
and we obtain: 
1 2
TV k S S k S                              (3.64) 
For k1 and k2 positive, 0V   which ensures the stability of the SMFL-DTC. 
3.2.6 Improved direct torque control using second order sliding mode control 
In this section, first and second order sliding mode controllers will be designed for 
speed regulation loop to generate the electromagnetic toque reference and to ensure good 
dynamic and fast response. 
3.2.6.1 First order SM-speed controller design  
















                                                                                 (3.65) 
The mechanical equation of induction motor is given as: 
1 ( )
r e L r
fT T
J J
                                                                     (3.66) 
By substituting the equation (3.66) in the equation of the speed surface derivative, it will be 
given as follows: 
* 1 ( )
r e L rS T T fJ                                                      (3.67) 
Basing on sliding mode theory, we can write: 
e eeq enT T T                                                                           (3.68) 
The equivalent control part is defined during the sliding mode state Ṡω=0, then the equivalent 
control is: 
eeq r LT f T                                                              (3.69) 
The discontinuous part is defined as: 
( )
r ren
T K sign S                                                             (3.70) 
r
K is a positive gain. 
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3.2.6.2 Second order SM-speed controller design 
  The second order sliding mode speed control law will be designed by the 
combination of the equivalent control and the super twisting control law. The super twisting 









STu S sign S u





   

  




K  are the super twisting speed controller gains.  
 
The generated reference torque by the second order sliding mode controller is given by: 
eref eeq STT T u                                      (3.72) 
The super twisting control law must fulfil Lyapunov stability condition to establish the 
speed control stability. The derivative of Lyapunov candidature is defined by: 
0
r r
V S S                           (3.73) 
By substituting (3.73) in (3.68) we obtain: 
1
21 1( ) ( ) ( )
r r r r r rST
S u S sign S K sign S dt
J J     

 
     
 
                              (3.74) 
Then, Lyapunov stability condition is: 
1
2 ( ) ( )r
r r r r r r r
S
S S S sign S K sign S dt
J

      
 
   
 
                               (3.75) 
And it becomes 
3
2 ( ) ( )r r
r r r r r r
K
S S S sign S S sign S dt
J J
 
     

                               (3.76) 
It can be seen that the both terms of (3.76) are negative as long as 
r
  and 
r
K  are 
positive. Therefore, the stability condition has been guaranteed. 
Finally, the global control scheme includes the SVM-DTC based on input-output 
feedback linearization with sliding mode control and improved by super twisting speed 
controller in the outer loop is shown in Fig.3.5. 




Fig.3.5. Diagram of global sliding mode IOFL-DTC strategy with super twisting speed 
controller. 
3.3. Simulation Results 
The simulation results are presented into three phases. A comparative study between 
the proposed sliding mode feedback linearization DTC and the stator field oriented (SFOC) 
SVM-DTC using PI controllers is presented firstly. Both of control schemes use the PI in 
the outer speed loop. Different operation conditions for IM are conducted such as the 
starting up, the steady state and the load application. In the second phase, machine 
parameters variations test is employed in low speed region to check the robustness of both 
control schemes. Finally, we will present the performance analysis of the SMFL-DTC with 
two speed controllers. The super twisting speed controller is compared with the classical PI 
controller. 
3.3.1. SFOC SVM-DTC and nonlinear SMFL-DTC starting up and steady states 
The following figures illustrate the comparative analysis of SVM-DTC and SMFL-
DTC associated with PI as a speed controller. The figures are specified ((a) for SVM- DTC, 
and (b) for SMFL-DTC). 
 






































































































Fig.3.7 Electromagnetic torque response with load application of 5 N.m at t=0.5s 
 
Fig.3.8 Stator phase current isa [A]. 
 
Fig.3.9 Stator flux magnitude [Wb]. 
 
  Fig.3.10 Stator flux axes components [Wb]. 

















































































































































































































Fig.3.11   Stator flux circular trajectory [Wb]. 
Firstly, Fig.3.6 illustrates the comparison between speed responses according to the 
step of (0-1000 rpm) as a speed reference. The load disturbance has been introduced at 
(t=0.5s). The figure shows that both techniques show good dynamic at starting up. It can be 
noticed that the SMFL-DTC in Fig.3.6(b) has the faster speed response and the less dropping 
from load introduction. Then, Fig.3.7 presents the response of torque with load application 
for both of control algorithms, it is clear that the SMFL-DTC provides quick dynamic 
responding to the load application. Next, Fig.3.9 illustrates the stator phase current isa. The 
current shows a good sinusoid waveform and reduced harmonics due to the application of 
SVM. SMFL-DTC presents low chattering after the use of the sigmoid switching function 
in the design of SMC. Since both techniques use the space vector modulation, there is no 
apparent difference in the ripples level or current harmonics. The smoother torque response 
of SMFL-DTC indicates the accurate control tracking.  
Then, the stator flux is presented in Figs. 3.9 to 3.11, they show respectively flux 
magnitude, axes components and the circular trajectory. The two control techniques have a 
reduced ripples stator flux. The SMFL-DTC flux magnitude has more fast and accurate 
reference following (1 Wb). This reflects the good decoupling between the flux and torque 
axes which achieved by the feedback linearization. Besides, the flux components and 
trajectory prove that the SMFL-DTC has a smooth flux response without chattering.  
3.3.2 Robustness test of parameters variation in low speed region 
This robustness test consists of the variation of the stator resistance Rs when the 
machine operates with low speed and rated load. Rs will be increased by 50% following the 
profile that presented in Fig.3.12 starting from 0.5s. Figs.3.13-3.15 show rotor speed, torque 
and flux magnitude under robustness test at low speed value of (50 rpm). The figures are 
specified ((a) for SVM- DTC, and (b) for SMFL-DTC). 











































Fig.3.12 Stator resistance variation profile [Ω]. 
 
Fig.3.13 Speed’s response in low region (50 rmp) with variation of stator resistance Rs 
+50%. 
 
Fig.3.14 Torque’s response with load of 5 N.m in low speed and variation of stator 
resistance. 
  
Fig.3.15 Stator flux magnitude with variation of stator resistance Rs +50%. 
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Figs.3.13-3.15 illustrate the speed, the torque and the flux magnitude with the 
increase of 50% in Rs starting from t=0.5s. It can be seen from Fig.3.13(a) that the increase 
of stator phase resistance has affected the speed’s response of SFOC SVM-DTC and made 
it unstable, unlike the sliding mode feedback DTC strategy which shows no considerable 
effect on speed response in Fig.3.13(b). Consequently, the torque response is also affected, 
it can be seen in Fig.3.14(a) that torque has been slightly diminished and became unstable. 
In the other hand, SMFL-DTC preserves an acceptable torque performance under these 
conditions. Then, Fig.3.15 shows the comparison of flux magnitudes, it is observed in 
Fig.3.15(a) and its ZOOM that the estimation accuracy of SFOC SVM-DTC has been 
influenced by resistance variation in this low region, this problem has been avoided by 
SMFL-DTC in Fig.3.15(b). 
3.3.3. PI and super twisting speed (STSC) controllers comparative analysis 
This section presents a comparative study between different controllers for the outer 
speed’s loop of the SMFL-DTC (i.e., classical PI and second order STSC controllers). The 
figures are specified ((a) for conventional PI, and (b) for STSC speed controller). 
 
Fig.3.16 Rotor speed (1000 rpm; –1000 rpm) response for PI and STSC speed controllers. 
 
Fig.3.17 Torque response (Load applied at t=0.5s) for PI and STSC speed controllers. 














































































































Fig 3.18. Rotor speed response for PI and STSC at low-medium speeds (200-600 rpm). 
 
Fig.3.19 Rotor speed response for PI and STSC in low region (50-25 rpm). 
 
Fig.3.20 Speed response following benchmark trajectory in different regions (PI and 
STSC). 
Figs.3.16-3.17 illustrate the rotor speed and the electromagnetic torque of the control 
algorithm associated with PI and super twisting controllers during starting up and speed 
sense reversing (1000; –1000 rpm). The super twisting controller in Fig.3.16-3.17(b) 
presents better speed and torque responses compared with classical PI in Figs.3.16-3.17(a). 
Moreover, the comparison shows that the influence by the load application of the SMFL 
with STSC is not considerable and the torque has faster responding as illustrated in 
Figs.3.16-3.17(b) (ZOOM). We can also notice that the super twisting controller is featured 
by the reduced chattering level, this problem has been eliminated by applying the second 
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Figs.3.18-3.19 illustrate the speed responses of the SMFL with PI and STSC 
controllers in medium and low speed regions. In this test, a speed reference variation has 
been done in (200 rpm-600 rpm) and at very low-speed (50 rpm-25 rpm). It is clear that the 
STSC kept the good dynamic in Figs.3.18 (b) even at low-speed values contrary to the PI 
controller which presents some speed fluctuations (Fig.3.18-3.19(a)). The last speed test is 
depicted in Fig.3.20. It illustrates a speed reference variation under industrial benchmark 
trajectory from zero to medium (500 rpm) then high speed values (1200 rpm). This test 
shows a perfect following and an accurate speed tracking to the variable reference for STSC 
controller in different speed point without overshoot even at zero and near to zero speed 
values, contrary to the PI controller which presents certain overshoots and dynamic error 
due to the instantaneous variation of the speed. 
The next table presents a summarized comparative analysis of the both of control 
schemes performance with different speed controllers.  
 SFOC-SVM 
DTC with PI 
speed controller 
SMLF-DTC with 




Flux response time [sec] 0.0024 s 0.0022 s 0.0022s 
Speed response time 
[sec] 
0.12 s 0.11 s 0.095s 
Speed dropping due to 








Torque response time to 
load application [sec] 0.026 s 0.015 s 0.006 s 
Flux bandwidth [Wb] ± 0.006 Wb ± 0.0025 Wb ± 0.0025 Wb 
Torque bandwidth 
[N.m] ± 0.3 N.m ± 0.2 N.m ± 0.3 N.m 
Table.3.1 Comparative analysis of SFOC SVM-DTC and SMFL-DTC with various speed 
controllers. 
3.4. Experimental Results 
3.4.1 SFOC SVM-DTC and nonlinear SMFL-DTC starting up and steady states 
This section presents the experimental results of the same presented tests in the 
simulation section 3.3.1.  




Fig.3.21 Speed and torque responses during the starting up then load application. 
 
Fig.3.22 Stator phase current isa [A]. 
 

















Fig.3.24 Stator flux components and position. 
 
Fig.3.25 Stator flux circular trajectory (ψsα, ψsβ) (1div=0.5Wb). 
Firstly, Fig.3.21-Fig.3.22 show the starting up and the steady state followed by load 
introduction of the motor controlled by both of SVM-DTC and the proposed SMFL-DTC. 
Fig.3.21 illustrates from the top to the bottom: rotor speed (1div=500rpm) and the 
electromagnetic torque (1div=5N.m). It is noticed that the both techniques have similar 
speed/torque response and load rejection since the two of them use the same PI speed 
controller in outer loop. SMFL-DTC seems better in speed and load responding. Fig.3.22 
presents the stator phase current waveform. We can say that there is no difference in torque 
ripples level and current harmonics owing to the application of SVM in both cases as it is 
mentioned before. Next, in Fig.3.23-3.25, the stator flux magnitude, axes components, angle 
and circular trajectory are depicted respectively. In Fig.3.23(a-b), the magnitudes have low 
ripples and follow the reference’s value of 1Wb (1div=0.5Wb). It is clear in Fig.3.23(b) that 
SMFL-DTC provides faster flux response with instantaneous tracking of reference. Finally, 
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3.4.2 PI and super twisting speed controller (STSC) comparative analysis 
 
Figs.3.26 Speed response with disturbance introduction (PI and STSC).  
 
Figs.3.27 Speed response while direction reverse with trapezoidal reference (PI and 
STSC). 
 
Fig.3.28 Benchmark speed trajectory: Reference and measured speed in different regions 
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b a 
500 rpm  
1s 
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In Figs.3.26-3.28, the comparative study of two speed controllers is presented. 
Fig.3.26(a) and Fig.3.26(b) show the speed response while startup followed by load 
disturbance introduction. Both controllers have fast response and good reference following, 
but we can notice that the STSC is more robust against the external disturbance. The next 
test in Fig.3.27(a) and Fig.3.27(b) is rotation’s sense reverse following a trapezoidal 
reference. The superposition between the speed and its reference is noticed. The STSC has 
better response, it reduces the overshoot compared with the PI controller. Finally, an 
industrial benchmark speed trajectory for both controllers has been employed. Fig.3.28, 
illustrates speed variation in different regions (0 rpm, 500 rpm, 1200 rpm). The results of 
this test are similar to the presented ones in simulation section. The STSC controller in 
Fig.3.28(b) gives a better reference tracking in different speed values even at zero and near 
zero speed (i.e. zero frequency), higher robustness against the instantaneous speed variation. 
Moreover, it reduces the overshoot which presented by the PI controller. 
3.4.3 Low speed operation  
This low speed test has been employed only for sliding mode feedback linearization 
DTC strategy, a speed variation from low to medium speed region (200 rpm to 600 rpm) and 
very low speed region (50 rpm to 25 rpm) 
 
Fig.3.29. Low speed operation: speed variation (a:200 rpm-600rpm, b:50rpm-25rpm). 
Figs.3.29(a-b) display the low-speed operation test with reference variation of (200 
rpm-600 rpm) and (50 rpm-25 rpm). The speed response and tracking are perfect in different 
reference values. The control scheme kept good performance even at very low-speed value 







500 rpm  
1s 1s 
50 rpm  
Chapter 03: ________________ Nonlinear SVM-DTC Using Feedback Linearization and Sliding Mode Control 
84 
 
3.5 Summarized comparative evaluation of control techniques 
It can be concluded that the robust nonlinear SMFL-DTC provides the same good 
characteristics of SVM-DTC concerning ripples and harmonics, moreover it offers more 
advantages. By the combining of different nonlinear techniques (i.e. first and second sliding 
mode control with feedback linearization) this strategy has provided faster flux response and 
simple control scheme designed in stationary reference frame and robustness against load 
disturbance and parameters variation. The parameters variation test has not been done in the 
experimental section because of some difficulties and risks in the hardware implementation, 
but we can consider that the stator resistance is varying during the operation by machine’s 
heating due to the load application. 
The next table summarized the comparative study by classifying the features of each 
algorithm. 
 SFOC SVM-DTC using PI 
controllers 
SMFL-DTC with Super 
twisting speed controller 
Harmonics and ripples 
level 
Reduced owing to the use 
of the space vector 
modulation 
Reduced owing to the use 
of the space vector 
modulation 
Control scheme complexity 
Designed in synchronous 
frame which requires 
coordinates transformation 
Designed in stationary 
frame, no need of 
coordinates transformation  
Speed and torque responses  Fast  Faster  
Robustness against 
uncertainties  
Not robust against load 
introduction and stator 
resistance increase 
Robust against stator 
resistance increase, no 
considerable speed 
dropping due to load 
application 
Table 3.2 Comparative assessment of both of the presented control algorithms. 
3.6. Conclusion  
This chapter presents a performance enhancement on direct torque control with space 
vector modulation. In order to solve different drawbacks of the classical DTC and SVM-
DTC, dual nonlinear control strategies have been presented. The feedback linearization 
approach has been applied to create a decoupled flux and torque control and to generate the 
reference voltages in the stationary frame. The coupling of IOFL with first and second order 
sliding mode control has achieved a robust feedback linearization which is called sliding 
mode feedback linearization DTC (SMFL-DTC). The second order super twisting speed 
controller has been inserted in the outer speed loop to generate the torque reference.  
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The stability of the combined SMFL-DTC with super twisting strategy has been 
analyzed mathematically using Lyapunov stability theory. The simulation and the 
experimental results have been presented to investigate the performance of the proposed 
control algorithm. Generally, SMFL-DTC has provided reduced ripples level due to the use 
of SVM. The incorporation of nonlinear control strategy instead of conventional PI 
controllers has given better advantages like the robustness against different uncertainties, 
fast response, simplicity in control application and good reference tracking in different 
operation condition. In addition, the design of second order sliding mode speed controller 
has improved comprehensively the control scheme performance and increased the algorithm 
robustness against external load and reference variation. Therefore, the coupling of SVM-
DTC with robust control is a good solution for induction motor drive control. 
Over and above, the use of observers can get more features by minimizing the 
number of sensors which decrease the cost and increase the reliability of the control system. 
The next chapter will present a design of a sensorless DTC technique by inserting a number 
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4.1 Introduction  
The last chapter has presented a design of robust control strategy based on the 
combining of two nonlinear approaches with SVM-DTC scheme. However, the development 
of advanced control algorithm always requires an accurate flux and speed estimation or 
measurement to ensure proper drive operation and stability. The stator flux estimation is one 
of the essential tasks for the implementation of DTC motor drive. However, the conventional 
open-loop flux estimation which is implemented by integrating the back-EMF is prone to 
several problems. At most, it suffers from the presented DC drift in the pure integrator input, 
which leads to integrator saturation, and the problem of initial value that causes an 
undesirable DC offset in the estimated signal of stator flux [Rum02]. This chapter recounts 
briefly in the first part about the flux estimation issue and some proposed solutions.  
Besides, the use of sensors is accompanied by several drawbacks such as the high 
cost and the fragility. The elimination of the mechanical speed sensor to reduce the cost and 
the volume of the drive and to increase its reliability is so interest subject. Various model-
based approaches are proposed in literature for sensorless control of AC electrical drives. 
They can estimate effectively in closed loop the motor speed and solve flux estimation 
problems using the instantaneous measurements of machine voltages and currents. Among 
them we mention the nonlinear full order observers [Kub93] and sliding-mode observers 
(SMOs) [Reh02]. It is still a problem to achieve robust sensorless control at very low speed, 
particularly in a region at and around zero stator frequency.  
The main objective of this chapter is to present a comparative study between different 
observer’s structures, a full order adaptive observer based on Lyapunov theory and 
inherently sliding mode observer which did not take the speed as adaptive quantity. Both of 
them are linked to the nonlinear DTC strategy which designed in the last chapter. The 
effectiveness and estimation accuracy will be investigated by simulation and experimental 
results. Different operation conditions have been conducted in this part, such as the speed 
reversal, low and zero speed conditions and industrial benchmark tests.  
4.2. Open-Loop Flux Estimation  
The application of open-loop estimation is quite simple. It consists of using the 
measured stator voltage and current to estimate machine flux or rotor speed, however, the 
estimation accuracy depends on machine model and its parameters exactness. The open-loop 
estimators are not able to correct its estimated signals in comparison with real situation 
[Bed14]. 
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4.2.1 Conventional stator flux estimation  
The conventional voltage-model based estimation of the stator flux is usually done 
by the integration of the back-emf. The stator flux components can be expressed using stator 
voltages and currents in the stationary reference frame (α, β) by: 
0
ˆ ( )dtts s s sV R i                                                         (4.1) 
Although the simple implementation of a pure integrator, it has significant challenges 
in providing adequate control performance. They are generally summarized in the drift or 
DC offset and initial value problems. As a result, the flux estimation will include DC-flux 
components and the flux vector will not be estimated accurately. This DC component, no 
matter how small is it, drives the integrator to saturation. Moreover, it leads also to DC-
current components and severely affects motor operation. This problem has been discussed 
in numerous works [Hu98; Rum02; Las06; Rae09; Sto15].  
4.2.2 Solution 1: Modified flux estimator  
To overcome the drawbacks of the pure integrator, it is well known to replace it by 
low-pass filter (LPF). We propose a simple method to remove the DC component from the 
estimated flux as shown in Fig.4.1. Firstly, a high-pass filter (HPF) is placed after the pure 
integrator to extract the flux sinusoid. Since the HPF is not ideal and small DC offset could 
remain, another filtering is added where the remaining DC offset is extracted using a low 
pass filter and subtracted from the output of the HPF. This approach was verified 
experimentally to eliminate the DC offset.  
 
Fig.4.1 Modified flux estimator. 
Fig.4.2 shows the effect of flux estimation on the three phase currents for DTC drive 
in real time implementation at medium speed region (400 rpm). Fig.4.2(a) shows the 
deformation of the currents waveform while the application of the pure integrator. In the 
other side, Fig.4.2(b) depicts the currents waveforms after the use of modified flux 
estimator. 
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Fig.4.2 Three-phase stator currents waveform in medium speed region (400 rpm). 
However, the chosen filter’s cutoff frequency should be low enough to avoid filtering 
the actual sinusoids when the machine operates at low speeds. Fig.4.3 shows the filtering 
effect on flux estimation at very low speed region (near to zero frequency).   
 
Fig.4.3. Stator flux magnitude and components using modified flux estimator at very low 
speed. 
4.2.3 Solution 2: Current-model based flux estimator  
The second proposed solution to avoid the problem of DC component is the 
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                                  (4.2) 
The application of this estimator offers a good current waveform and flux estimation 
at low speed values. The disadvantage of this open-loop estimator is the requirement of rotor 
speed and the extensively dependence to machine parameters.  
Generally, the estimation based on the current model can be applied at low speeds, 
whilst the modified voltage model estimator can be considered for a high-speed range. This 
Pure integrator Modified flux estimator 
     High speed region Very low speed 
region 
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later offers an advantage over the current-model-based estimation technique, that it does not 
require the knowledge of motor parameter excepting the stator resistance. 
4.3 Closed-Loop Estimation of the Induction Motor (Sensorless control) 
The accuracy of the open loop estimation is always depending on how the machine 
parameters are identified. These parameters have the largest influence on the system 
operation especially at low speeds. The common estimation problems and the robustness 
against parameters deviation can be significantly improved by using closed loop estimators, 
which are called observers [Abu12]. 
4.3.1 Definition: observability and observers 
The observability is the possibility to reconstruct the full trajectory of a state system 
using the obtained data from the input and output measurements. The developed mean to 
reconstruct the state of the system is called an observer. It is a mathematical algorithm (can 
be called soft sensor) which is able to reconstruct the state of the system from the limited 
information obtained by measurements. The closed loop observers are mainly divided into 
two categories: observers based on machine state reconstruction and model reference 
adaptive systems. 
4.3.2 Observers based on machine state reconstruction 
These observers can be divided also into two main groups: deterministic and 
stochastic observers, according to the character of the observed system deterministic or 
stochastic. Kalman filter is representative of a stochastic observer. An example of the 
deterministic observer is the full order adaptive observer proposed by Kubota [Kub93]. It is 
composed basically of two parts: an open loop estimator based on the mathematical model 
and a closed correction loop with gain matrix G to correct the estimation errors. For the 
induction motor drive, the adaptive full-order observer model is defined by: 
ˆ ˆˆ ˆ ( )s s s
dx Ax Bu G i i
dt
                                                  (4.3) 
Furthermore, the sliding mode observers (SMOs) also have a similar structure as the 
full-order observers. The difference is in the use of sliding mode switching function as a 
feedback signal in state of the gain matrix. The general mode of SMO is expressed as 
following: 
ˆ ˆˆ ˆ ( )s s s
dx Ax Bu Ksign i i
dt
                   (4.4) 
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4.3.3 Model reference adaptive system MRAS 
The structure of MRAS observer is consisting of two parts. A reference model which 
doesn’t contain the estimated quantity (rotor speed) and the adaptive model that contains the 
estimated quantity. In addition, an adaptation mechanism to produce it. The reference model, 
called mostly the voltage model, is expressed by the reference voltages in the stationary 
frame and generates the reference flux values. In the other hand, the adaptive model called 
also the current model, is expressed by stator currents and the rotor speed [Sch92; Gad10].  
The error between these two generated signals (mostly rotor flux components) is 
called the adaptive signal. The adaptation mechanism produces the estimated speed value by 
a PI controller basing on this error. If the algorithm is designed properly, it goes to zero in 
steady state. 











                                         (4.5) 
Kp and Ki are the PI controller gains [Sch92]. 
r
e  The adaptive error signal. 
The MRAS method can be applied for models that yields either to the rotor or stator 
fluxes, back-EMFs or the reactive powers. 
4.4. Limits of Sensorless Control in Low-Speed Operation Condition 
Generally, sensorless IM drives work well in the medium and high-speed region. At 
low speed and particularly at near to zero speed, the drive may become unstable, the torque 
capability is diminished or lost and speed regulation may be inaccurate. In a sensorless drive 
system, the field angle and also the mechanical speed, are estimated using the stator current 
and voltage. The accurate acquisition is a major concern for stable operation at very low 
speed [Hol03]. There are several issues that contribute to the low-speed instability problem. 
The main of them are associated as given below. 
4.4.1 Signal acquisition errors 
In practice, the measured signals mostly contain noise. In addition, the used sensors 
themselves typically introduce DC offset values that can saturate the integrators employed 
in the estimations [Asf13]. 
 
 
Chapter 04: _______________________Estimation and Sensorless Control for DTC Controlled Induction Motor 
91 
 
4.4.2 Inverter non-linearity 
The inverter causes nonlinear deadtime effects which require compensation at low 
speed for good dynamic performance. Another source of nonlinearities is owing to supply 
voltage drops. They can become significant at low frequency where the magnitude of the 
voltage is small [Hol06]. Due to these non-linearity characteristics, the calculation of the 
stator voltage vector from the PWM switching which assumed linear relation becomes 
inaccurate. Consequently, the stator voltage vector calculation that is used in the speed will 
introduce speed estimation error. 
4.4.3 Distortions in the flux angle 
If the estimated fluxes are erroneous, the Park transformation angle is incorrect and 
field orientation is lost. The quality of flux angle depends on the quality of the flux 
waveforms. In implementation, DC offsets and distortions can frequently be seen in the flux 
waveforms. They cause distortions in the transformation angle that can produce instability 
at low speed. We can notice that this is a resonant chain: non-ideal input signals results in 
non-ideal flux estimates and distorted rotor position. The result is a control voltage vector 
that does not rotate smoothly. 
4.4.4 Incorrect speed estimation  
In the low speed area, it can happen that the estimated speed swings between positive 
and negative values. The speed controller reacts to this and can produce an oscillatory torque 
that leads to instability. 
4.4.5 Delay due to filtering 
Usually, the simulation shows a smooth estimation and no filtering is needed. But 
experimentally with real signals that contain noise, distortions or offsets, the estimated speed 
is not smooth and must be filtered. The use of a LPF adds a delay in the feedback portion of 
the control system. For and excessive filtering, the system has been led to instability, 
especially at low speeds. 
4.5 Sensorless Control Design for Nonlinear SVM-DTC Strategy  
This section presents a sensorless DTC strategy. Different observer structures are 
designed for the elimination of the speed sensor in the nonlinear control scheme which has 
been developed in the last chapter. An adaptive full order observer for speed, flux and load 
torque estimation is presented firstly. Then a first order sliding mode observer for speed and 
flux estimation and a second order sliding mode observer for load torque estimation are 
presented. 
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4.5.1 Full order adaptive observer for DTC controlled IM 
By considering the stator phase current and the stator flux as state variables, the 
induction motor model can be formed as: 
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                                         (4.6) 
si Cx                                                                          (4.7) 
where: 
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Then, the state observer will be described as follows [Mae00; Sab14]:  
ˆ ˆˆ ˆ ( )s s s
dx Ax Bu G i i
dt
                                                            (4.8) 
G is the observer gain matrix and the estimated values are marked with the sign of a hat (ˆ). 
By subtracting the equation (4.8) from (4.6), the estimation error is defined as:  
( )i i
de A GC e Ax
dt
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 












                                                                   (4.10) 
b is a positive constant.  
The time derivative of V is given by: 
T ˆˆ ˆ[( ) ( )] 2T T T T r rV e A GC A GC e x A e e Ax
b dt
  
                          (4.11) 
The derivative of Lyapunov function must be negative to guarantee the stability. The 
gain matrix G must be chosen as much as the first term of (4.11) is negative semi-definite. 
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The adaptive scheme for speed estimation can be determined from the second and 
third term [Mae00]. 
ˆ ˆˆ ˆˆ s s
r s s s s
s s
K e i e i
L L
 




    
       
     
                                    (4.12) 
When the load torque is unknown or variable, it is considered as a system uncertainty. 
An enhanced model will be used to improve the response of the estimated speed and to 
estimate the applied load torque without need of any torque sensor in order to improve the 













                                                    (4.13) 
ˆ
LT : Estimated load torque. 
The friction coefficient will be neglected and the load torque will be considered as constant. 
The speed adaptive scheme becomes 
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                                      (4.14) 
The load torque can be estimated as follows: 
ˆ ˆˆ ˆˆ s s
L T s s s s
s s
T K e i e i
L L
 
   
 
 
    
        
     
                                         (4.15) 
Kω and KT are arbitrary positive gains. 
To ensure stability of the observer, its poles must be selected proportional to the 
induction machine poles. If we define the machine poles by sIM, the observer poles will be 
defined by [Mae00; Amr16]: 
obs obs IMs k s                                                                         (4.16) 
kobs is a factor (kobs>1) which indicates that the observer is dynamically faster than the 
machine. Then the gain matrix can be obtained by: 
1 2
3 4
g I g J
G




                                          (4.17) 
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The block diagram of the adaptive flux observer is shown in Fig.4.4. 
 
Fig.4.4. Block diagram of speed adaptive flux observer. 
4.5.2 Sliding mode flux observer for DTC controlled IM  
The Sliding mode observers (SMOs) can provide high effectiveness due to a number 
of advantages such as, the easy implementation and the high robustness to parameters 
variation. In addition, no extensive computations are required [Amr17b]. They have 
commonly similar structure as the full order adaptive observers. The difference is just in 
feedback signal manipulation. 
Other SMO designs do not employ the speed adaptation scheme, which means they 
do not take the speed as an adaptive quantity like the proposed structures in [Reh02; Las06]. 
In these observers, the speed estimator is separated completely from the main observer in 
order to increase the accuracy in a wide-speed-range operation and to reduce the complexity. 
4.5.2.1 Sliding mode flux observer design 
The goal of the SMO is to construct stator flux components and use them for torque 
and speed estimation. The SMO is based on the state model of induction motor in rotor 
reference frame. The stator flux ψs and current is are considered as state variables [Las09]. 
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                               (4.18) 
In this observer, the back-emf terms r s( )  are considered as disturbances. Then, 
the model of inherently observer (Fig.4.5) can be expressed in (4.19). 
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Fig.4.5 Proposed sliding mode stator flux observer 
K is the observer switching gain and Si is the sliding surface of the current error. 
The PI controller is added just to impose more desired error convergence. 
 ip s sˆ .i
KS K i i
s
 
   
 
                                 (4.20) 
4.5.2.2 Gain selection  
The observer gain has to be large enough to ensure the stability. By using Lyapunov 
candidate function which is defined previously with IM and SMO models (4.19) and (4.20), 
and during sliding mode Si=0 and 0iS  , K is given as: 
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is the flux error. 
4.5.2.3 Speed estimation 
The advantage of SMO is the unrelated with rotor speed quantity and when it is 
needed it can be computed easily by the following open loop expression: 
l
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                                    (4.22) 
 However, the computation of the rotor flux derivative is sensitive to noise, the 
estimated speed has to be filtered by using LPF in order to be useable in this control 
algorithm.  
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4.5.3 Second order sliding mode load torque observer 
In this section, a second order sliding mode observer is proposed in order to estimate 
the applied load torque to improve the control performance by reducing the system 
uncertainty. 
The IM mechanical model is: 
1 ˆ( )r e L r
fT T
J J
                           (4.23) 
where J is the inertia constant and f is the friction coefficient.  
By using SFOC model, the electromagnetic torque can be written as: 
e s sq t sqT p i K i                             (4.24) 
Kt: Torque coefficient  
The load torque can be considered as a quasi-constant if we assume that it only 
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The load torque can be obtained from SMO which is expressed in Eq (4.26). 
K1, K2, λ1 and λ2 are positive constants. 
The sliding surface is the speed estimation error ( eS  ) 
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                             (4.27) 
LTe : is load torque estimation errors 
  The estimation error converges to zero if the observer gains are large enough to 
satisfy the stability condition. They can be demonstrated easily by Lyapunov candidate 
function. 
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4.6. Operating Conditions and Benchmarks 
The observers and control algorithms are evaluated in the framework by 
experimental test following a specific trajectories and significant robustness tests noted 
“Benchmarks”. These benchmarks have been defined, on the one hand, in cooperation with 
the Electrical Engineering and Automatic Control Laboratories under the support of the 
French National CNRS Work Group “Control of Electrical Systems,” and on the other hand 
in cooperation with Electrical Industrial Companies [Glu15]. The trajectories of this 
benchmarks have been considered taking into account industrial operation conditions, 
following the nominal values of the torque, the rotor speed and the flux of the machines. An 
example of speed reference trajectory is shown in Fig.4.6. This checks the performance and 
the robustness of the observer without mechanical sensors at low and high speeds. 
 
Fig.4.6 Industrial benchmark trajectory. 
Fig.4.7 shows the global diagram of the sensorless control scheme of nonlinear SMFL-DTC 
with SVM associated to flux, speed and load torque observers.  
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4.7 Simulation and Experimental Comparative Study 
The simulation and the experimental results are exhibited as a comparative analysis 
between the two observers. An adaptive observer based on Lyapunov theory compared to 
dual sliding mode observer structures for speed, stator flux and load torque estimation. In 
this chapter, we have focused only on the estimation results (i.e. rotor speed, flux and load 
torque) 
4.7.1 Simulation results   
The figures below present different operation conditions of the IM such as the 
starting up, low/zero speed operation tests, industrial benchmark test and parameters 
variation tests have been done (The figures are specified (a) for the adaptive observer and 
(b) for the SMO).  
4.7.1.1 Starting up and steady state  
Fig.4.8 to Fig.4.11 show respectively the speed with estimation errors and flux 
estimation at the starting up and the steady states. 
  
Fig.4.8 Starting up and steady states: Real and estimated speed [rpm]. 
 
Fig.4.9 Rotor speed estimation errors [rpm]. 





































































































Fig.4.10 Estimated stator flux magnitude [Wb]. 
 
Fig.4.11 Estimated stator flux components [Wb]. 
Figs.4.8-4.11 illustrate the starting up according to the step of (1000 rpm) and the 
steady state for both observers. In Figs.4.8 it is observed that the estimated speed follows 
the real speed for both observers. The adaptive observer in (Fig.4.8a) shows a better 
superposition between the real and estimated speed quantities in the transient state while the 
non-adaptive SMO in (Fig.4.8b) provides the better superposition and eliminates the static 
error in steady state. This can be further justified in Fig.4.9. It shows the estimation error in 
both cases. It can be seen that the adaptive observer has a minor error at starting up, but then, 
this error has not eliminated in steady state (±5 rpm). Contrariwise, the SMO has eliminated 
clearly the static error in the steady state in spite of the high augmentation at the beginning. 
Next, the estimated stator flux is shown in Figs.4.10-4.11. We don’t have here an estimation 
error because there is no measured flux to compare with it. Since the stator flux magnitude 
is forced by the control algorithm, both observers show an accurate estimation and good 
waveform for stator flux.  
4.7.1.2 Low speed operations  
The low speed operation test is implemented as speed variation (200 rpm to 400 rpm) 
and for very low speed values (50 rpm to 25 rpm). 







































































































Fig.4.12 Real and estimated speed at low speed operation (200rpm, 400rpm). 
 
Fig.4.13 Real and estimated speed at low speed operation (50 rpm; 25 rpm) 
 
Fig.4.14 Rotor speed estimation errors in different speed regions [rpm].  
 
Fig.4.15 Estimated Stator flux magnitude in different speed regions [Wb]. 
The low-speed operation is obtained in Figs.4.12-4.15. A speed variation from 200 





















Time [s] Time [s] 
a b 






































































































Time [s] Time [s] 
a b 














at 200 and 400 rpm
















































at 200 and 400 rpm
et 50 and 25 rpm










at 200 and 400 rpm




















































at 200 and 400 rpm
at 50 and 25 rpm








Chapter 04: _______________________Estimation and Sensorless Control for DTC Controlled Induction Motor 
101 
 
SMO has stable estimation and precise superposition between speeds in this operation also, 
contrary to the adaptive observer which provides an instability with a considerable static 
error (Fig.4.12a). Another speed variation at very low speeds from 50 rpm to 25 rpm has 
been conducted in Fig.4.13. In similar way, the adaptive observer shows inaccurate 
estimation while the SMO has always good accuracy whatever is the speed value in the 
steady state.   
All these remarks can be confirmed in Fig.4.14 which illustrates the estimation errors 
in different speed regions. It can be observed that the estimation errors of the SMO converge 
to zero in all cases, unlike the adaptive observer, where the static error increases 
proportionally with the rotor speed. The flux estimation is shown in Fig.4.15. Both observers 
show good estimation and minimized bandwidth in different speed regions. 
4.7.1.3 Zero speed operation and industrial benchmark test 
Fig.4.16 and Fig.4.17 show respectively the speed and stator flux magnitude starting 
with 1000 rpm and a speed variation to zero rpm at t=1s. The benchmark test is presented in 
Fig.4.18 and Fig.4.19 
 
Fig.4.16 Real and estimated speed at 1000 rpm and zero speed region. 
 




















































































































Fig.4.18 Speed estimation under industrial benchmark trajectory for different speeds. 
  
Fig.4.19 Speed estimation errors under industrial benchmark trajectory for different speeds  
The zero-speed test is done in Fig.4.16. Firstly, we have the same remarks for both 
observers at the speed value of 1000 rpm. At zero speed state the SMO keeps its accuracy 
and minimized error level, contrary to the adaptive observer which provides a static error. 
Fig.4.17 confirms that the flux estimation is always accurate and follows the control in each 
speed value. The last speed test is presented in Figs.4.18-4.19. An industrial benchmark 
profile is applied as a speed reference. This test can comprise all the previous tests. Fig.4.18 
shows the rotor speed estimation of both adaptive and sliding mode observers under a 
variable reference from zero to medium (500 rpm) until high speed values (1200 rpm). The 
estimation error is illustrated in Fig.4.19. It can be concluded that the SMO provides a 
considerable error only at variable states and eliminates this error in the steady state, contrary 
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4.7.1.4 Parameters variation test 
 
Fig.4.20 Robustness test: Low speed operation with parameters variation ((Rs,Rr)+50%). 
 
Fig.4.21 Robustness test: flux magnitude with parameters variation ((Rs,Rr)+50%). 
The robustness test against parameters variation is shown in Figs.4.20-4.21. They 
show the comparison of the observed speed and flux under stator and rotor resistance 
variation of +50% in low speed region (50 rpm). The values of resistances increase 
instantaneously starting from t=0.5s (as shown in the last chapter). These figures illustrate 
that the sensitivity of flux and speed, due to Rr variation, is not apparent. In Rs variation the 
affection and the error are not so considerable and have been recovered quickly especially 
in the case of SMO. Both observers have given similar results in this test. This point can be 
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4.7.1.6 Load torque estimation  
 
Fig.4.22. Applied and estimated load torque [N.m]. 
 
Fig.4.23 Load torque estimation error [N.m]. 
Figs.4.22-4.23 show the load torque estimation analysis. Fig4.22(b) and 4.23(b) 
show that the sliding mode load torque observer has faster response and more accurate 
observation than the conventional Lyapunov based adaptive observer in Fig.4.22(a) and 
4.23(a). At load application instant, the convergence of SMO estimation error is quicker to 
zero.  
The simulation results prove that the SMO eliminates the static error and has more 
precise estimation than the adaptive observer in the steady state. The chattering effect has 
been reduced owing to the use of smooth switching function in sliding mode observer design. 
The speed estimator has an accuracy and robustness in different environments. The 
estimation has no influence on the inherently SMO structure. It mostly depends on the noise 
level and filtering operation. The low and zero speed tests show that the sensorless control 
scheme preserved its performance even in this region.  
4.7.2 Experimental results 
This section exhibits the experimental validation of the comparative analysis for the 
two observers design. The conducted tests are the same as those presented in the simulation 
section.  
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4.7.2.1 Starting up and steady state  
 
Fig. 4.24 Starting up and steady states: Estimated and real speed with estimation error. 
 
Fig. 4.25 Starting up and steady states: Estimated flux magnitude and components.  
Firstly, Fig.4.24 shows the rotor speed (1div = 500 rpm) at the startup state (0–1000 
rpm) for both observers. We observe before the starting up instant (at 0 V alimentation), that 
the adaptive observer has an initial estimated speed and estimation error values. This 
phenomenon has not arisen in simulation results. It is caused by the noise and the offset of 
measurement sensors (Current and voltage) and the pure integrators in estimation algorithm. 
Contrariwise, SMO has avoided this problem due the separated structure of speed estimator.  
The ZOOM of Fig.4.24 shows that the measured and estimated speeds are in 
superposition for both observers. The SMO provides a faster response than the adaptive 
observer in spite of the overshoot. Moreover, the static error has been minimized. Fig.4.25 
illustrates the observed stator flux magnitude (1div =0.5 Wb) and its axes components (1div 
=1 Wb). Since there is no real measured flux value there is no estimation error. As we said 
before, the flux magnitude is controlled in a closed loop, that is why it provides an accurate 
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4.7.2.2 Low speed operation 
 
Fig.4.26 Low speed operation (200;400 rpm): Estimated and real speed with estimation 
error. 
 
Fig.4.27 Low speed operation (200;400 rpm): Estimated flux magnitude and components.  
 
Fig.4.28 Low speed operation (50;25 rpm): Estimated and real speed and estimation error.  
In Fig.4.26, speed variation from low to medium speed region of (200 rpm (≈21 
rad/s) to 400 rpm) has been shown. The flux magnitude and components are depicted in 
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values (50 rpm to 25 rpm (≈2.61 rad/s)), (1div=50 rpm). It can be noticed that the speed and 
flux estimation keep the same previous performance in Figs.4.26-4.27. However, in 
Fig.4.28, both observers suffer from high oscillations and instability in speed. The SMO 
reduces a bit the static error at 25 rpm regions, but is shows high noises due to the sensitive 
nature of the speed estimation process.  
4.7.2.3 Zero speed operation and industrial benchmark test 
 
Fig.4.29 Zero speed operation: Estimated and real speed and estimation error. 
 
Fig.4.30 Zero speed operation: Estimated flux magnitude and its components. 
The last speed tests have been done in this section, the zero-speed test is presented 
in Figs.4.29-4.30. Both observers show stable speed estimation at zero speed/frequency (0 
rmp;0 Hz). The speed value is almost correct even when the machine stops rotation. Next, 
the flux estimation is shown in Fig.4.30, the flux magnitude follows its reference. The SMO 
provides the better flux components waveform (Fig.4.30(b)). They have been deformed in 
case of the adaptive observer (Fig.4.30(a)). 
b a 
a b 




Fig.4.31 Benchmark trajectory: Estimated and real speed and estimation error. 
The variable speed profile (benchmark) test is illustrated in Fig.4.31. This test is 
comprehensive to all previous speed tests. It can be seen that the obtained result of the same 
test in simulation section has been validated. The adaptive observer manifests a minor error 
during the instantaneous variation of speed but it could not minimize this error in the steady 
state, whilst, the SMO manifests some fluctuations and errors during the variation of speed, 
but it minimizes the static error in steady state.  
4.7.2.4 Load torque estimation  
 
Fig.4.32 Applied and estimated load torque with estimation error. 
Finally, the load torque estimation has been done in the Fig.4.32. The figure shows 
the measured applied load torque which obtained by load torque control unit and the 
estimated one by the super twisting observer (1div=5 N m). In addition, it shows estimation 
error also. We can see a good superposition between the estimated value and the real one 
while the estimation error converges quickly to zero. 
In view of the facts, different problems arise in the experimental implementation of 
the sensorless control, although we did not face these problems in the simulation due to the 
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can understand that the real limits of the sensorless control appear in the real implementation. 
As summary, the SMO presents an accurate estimation in all tests due to its inherent structure 
and faster response in load estimation. Some problems appear in the experimental results in 
low speeds (oscillation and inaccuracy) due to high sensitivity of speed estimator to noise. 
A proposed solution is presented in the next section to improve the performance of the SMO. 
4.8 Association of MRAS with stator flux SMO for speed estimation 
The general structure of MRAS observer contains two parts: a reference model which 
doesn’t contain the estimated quantity (rotor speed) and the adaptive model which contains 
the estimated quantity, in addition the adaptation mechanism. In our work, a proposed 
modification consists of using the sliding mode observer of section 4.5.2 as a reference 
model due to its performance and robustness. Then, it will be compared with an adaptive 
model for speed computing. The design of MRAS estimator in this case bases on a stator 
flux model instead of the well-known rotor flux model in order to be more suitable for DTC 
control algorithm.  
 The previous SMO model is given in (4.19) and the adaptive model (current model) 
is given as follows: 
 
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ˆ ˆ ˆ ˆ
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                                             (4.29) 
_ _
,smo s smo s    are the estimated stator flux components using SMO.  
The error adaptive signal can be expressed by: 
  _ _ˆ ˆs s ssmo s s smo s s s s se i e i e L                                         (4.30) 
Then a conventional PI controller is used as adaptation mechanism. 
The block diagram of the association of MRAS estimator with SMO is presented in Fig.4.33. 




Fig.4.33 Association of Stator Flux model-MRAS speed observer with SMO. 
4.8.1 Simulation results 
This section presents the simulation results of sliding mode observer associated to 
MRAS as a speed estimator. The figures below focus on speed estimation under the 
operation conditions presented previously.  
 
Fig.4.34 a: Starting up and steady state (1000 rpm), b: low speed operation (50 rpm;25 
rpm). 
 
Fig.4.35 a: Speed estimation errors at 1000 rpm, b: Speed estimation errors at low speeds 




























































































































Fig. 4.36 a: Zero-speed operation, b: variable profile (benchmark) tests. 
 
Fig.4.37 a: Speed estimation errors at zero-speed, b: at variable profile (benchmark) tests.  
Fig.4.34(a) shows the starting up and the steady states according to step of 1000 rpm, 
while the low speed test of (50 rpm-25 rpm) is illustrated in Fig.4.34(b). Then, the estimation 
errors are presented in Fig.4.35. It can be observed that the association of MRAS provides 
more accuracy and stability in high and low speed values. In addition, it minimizes the error 
in both transient and steady states. After that, Figs.4.36-4.37 depict the zero-speed operation 
and benchmark trajectory tests with their estimation error. It can be seen in Fig.4.36(a) and 
Fig.4.37(a) that the new observer structure kept a correct estimation at zero speed/ frequency 
values. Moreover, in Fig.4.36(b) the SMO-MRAS observer provides a better superposition 
between speed quantities during the instantaneous variation. It can be justified in Fig.4.37(b) 
where the error has been minimized.  
The following table compares the estimation accuracy between all the presented observers.  
Observer  Adaptive observer SMO Associated MRAS-SMO 
Static error (%) ≈ 0.5% ≈ 0.1% ≈ 0.06% 
Dynamic error (%) ≈ 0.092% ≈ 0.25% ≈ 0.083% 
Table.4.1 Comparative analysis between different observer structures. 
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4.8.2 Experimental results 
The experimental validation of the proposed associated sliding mode observer with 
stator flux based MRAS for speed estimation is presented in Figs.4.38-4.39. 
 
Fig.4.38 a: Starting up and steady state (1000 rpm), b: low speed operation (50 rpm;25 
rpm) with estimation errors. 
 
Fig.4.39 a: Zero-speed operation, b: variable profile tests with estimation errors. 
The starting up is illustrated in Fig.4.38(a) (1div=500 rpm). By comparing the shown 
results to those presented in Fig.4.24, it can be deduced that the MRAS speed estimator 
provides the smoothest starting up and best accuracy in transient state compared to the 
adaptive and the SMO observers. The estimation error has been reduced. Fig.4.38(b) 
illustrates the low speed operation test of (50 rpm-25 rpm) (1div=50 rpm). We can see that 
the main improvement of inserting the MRAS in SMO has appeared here, where, MRAS 
has solved the problem of the sensitivity to noise of the SMO in low regions. The figure 
shows that the estimated and the measured speed have good superposition with stability and 
without fluctuations.  
Then, Fig.4.39(a) presents the zero-operation test. It can be seen that the estimation 
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is implemented in Fig.4.39(b). The speed quantities show perfect superposition and 
minimized error. Furthermore, the associated MRAS-SMO is more stable during the 
instantaneous speed variation compared to SMO in Fig.4.31. We conclude briefly, that the 
conjunction of MRAS with sliding mode observer combines the advantages of both 
algorithms and provides more accurate estimation. 
4.9 Conclusion 
This chapter has presented the estimation and the sensorless control of the induction 
machine which consist of association of the nonlinear SVM-DTC strategy to various 
observer structures. Alternative stator flux open loop estimators have been proposed firstly 
to solve the problems of the conventional back-emf integration. Then, we have recounted 
about closed loop observers and their problems in low speed.   
In application part, a full order adaptive observer is compared to a non-adaptive 
observer based on sliding mode approach. The effectiveness and the estimation accuracy of 
both designs have been verified using simulation and experimental tests. Different operation 
conditions of the IM have been employed, such as: starting up, low and zero speeds 
operation, and a benchmark trajectory in different regions.  The simulation and experimental 
results show that SMO presents good estimation accuracy in high and low speed regions and 
minimize the static error which has been provided by the adaptive observer. A zero 
frequency and industrial benchmark tests have been employed in order to check the stability 
and the robustness of the sensorless scheme in this operation conditions. The conjunction of 
MRAS with SMO for speed estimation preserves its accuracy and stability even in this 
condition also and improves the performance of the sensorless DTC drives. 
The next chapter will present the association of the control scheme with losses 
minimization strategy for the purpose of the maximization of energy efficiency of the 
machine. This technique can be a complement to get more performance to the developed 





      
      
      
      
      
      
      
      
      
      
      





Chapter 05  
Efficiency Optimization of The IM 
Controlled by Nonlinear SVM-DTC 
Strategy 




 The last chapter has presented sensorless control strategy composed of nonlinear 
SVM-DTC with speed/flux and load torque observers. Despite of the advantages of the 
proposed control strategy, it can get more high performance by achieving the maximum of 
efficiency. Today induction motors are responsible for about 60% of the total industrial 
electric power consumption, and obviously, their power efficiency is a serious issue [Stu13]. 
The control using constant reference of flux magnitude can be non-optimal for some 
operations, especially, concerning the power losses and the absorbed currents. In addition, 
the efficiency of the IM can be reduced when the reference flux is maintained to an initial 
value at light loads [Bou07; Haj09]. The variable flux reference is applied in many works. 
This operation can be able to optimize certain quantities without significant degrading in the 
dynamic performances.  
 The control algorithms to find an optimum flux level can be divided into two 
categories, search controller (SC) and loss-model-based controller (LMC) [Abr98]. The 
principle of SC is to measure the input power and to search iteratively for the flux level (or 
an equivalent variables) until the minimum of input power is detected while the output power 
of the motor is constant. The slow convergence and the high torque ripples are important 
drawbacks of this method. On the contrary, LMC computes the flux level using the machine 
model to minimize the losses. This algorithm is faster and does not produce torque ripples 
[Udd08]. However, its accuracy depends on the correct modeling of machine and the 
knowledge of its parameters [Haj10]. 
 The objective of this chapter is the association of an efficiency maximization strategy 
based on losses minimization with the robust DTC control scheme. This strategy is related 
to the optimum choice of the proposed flux level according to the desired load value. It is 
known that the high flux values increase the iron losses in magnetic circuit and drive the 
machine to saturation, thus, an optimal flux value should be chosen [Had07]. The model 
based optimization method (LMC) uses the steady-state IM model in the rotor flux field 
orientation coordinates frame to generate the optimal flux reference which will be tuned 
online and make the machine efficiency optimized. The results will be examined by 
simulation and experimental implementation. 
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5.2. Steady State Performance, Power Losses and Efficiency of The IM  
5.2.1 Per phase equivalent circuit of IM 
The computation of the steady state characteristic quantities of the induction machine 
is the first step in energy efficiency optimization. The study of electrical steady-state of 
induction motor is achieved by developing an equivalent circuit which can illustrate the 
transfer of the power from stator to rotor, thereafter, into mechanical form. The simplified 
per phase equivalent circuit of the induction motor is presented in Fig.5.1 
 
Fig. 5.1 Per-phase steady state equivalent circuit of IM. 
where s is the slip, Rc is stator core loss resistance. 
Referring to Fig.5.1, a voltage of R.M.S. value Vs is applied to the stator, then a 
current of R.M.S. value Is flows in the stator windings. A part of the voltage is absorbed by 
the stator winding resistance and leakage inductance and the remainder is used to generate 
the revolving field. The current has two components, the no load (exciting) current I0 and 
the induced rotor current Ir. The no load current also has two components, the reactive 
magnetizing current Im and the active current Ic.  
5.2.2 Power Losses of IM 
The losses which appear at fundamental frequency are the stator copper losses, the 
rotor copper losses, the core (iron) losses, the stray load losses and the mechanical losses 
(friction and windage). Three of this five component losses can be identified from the per-
phase induction motor equivalent circuit shown in Fig.5.1. 
5.2.2.1 Stator and rotor copper losses  
The electrical windings always have resistance, however small it is, it causes ohmic 
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The stator and rotor copper losses are calculated by: 
2
sc s sP R I                                        (5.1) 
2
rc r rP R I                                                              (5.2) 
Psc, Prc are the stator and rotor copper losses respectively. 
Is, Ir are the R.M.S. values of stator and rotor phase currents respectively. 
5.2.2.2 Core losses 
In every cycle of operation, the flux in the core of the induction motor will be 
reversed causing a small losses of energy usually called hysteresis losses. Another 
component in iron losses, is the eddy current losses which caused by the induced current 
flowing in the core.  In order to reduce these losses, the magnetic circuits are laminated using 
thin insulated sheets clamped together. However, small eddy current losses will remain. The 
most common way of modeling the core losses in case of sinusoidal flux distribution is to 
use the following Steinmetz expressions of hysteresis and eddy current losses [Abr00]: 
2 2 2
c hs es h s s e s sP P P K f K f                                        (5.3) 
where: 
Phs, Pes: stator hysteresis and eddy-current losses respectively,  
Kh, Ke: hysteresis and eddy-current coefficients related to the magnetic circuit properties. 
fs: stator frequency. 
The rotor core losses can be calculated by using the same expression (5.3) but with 
slip frequency instead of stator frequency multiplying with the ratio of the masses of rotor 
and stator core material. 
5.2.2.3 Mechanical losses  
These mechanical losses contain the friction and windage power losses. The friction 
losses are the result of friction between the moving parts, the windage power losses is the 
result of the air circulating inside the motor for cooling purposes. In general, both friction 
and windage losses are proportionally dependent on the motor speed. Consequently, they 
will drop at low speed level conditions. 
5.2.2.4 Stray load losses 
The copper, the core and the mechanical losses can be estimated from no load and 
short-circuit tests that can be performed on the induction motor. The measured losses while 
the presence of load are certainly greater by the amount, which called stray load losses. They 
consist of additional losses caused by stator slot effects and skin effect in conductors. Despite 
their importance, the quantification of these losses is not considering in our study. 
Chapter 05: ________________ Efficiency Optimization of The IM Controlled by Nonlinear SVM-DTC Strategy 
117 
 
5.2.2.5 Converters losses  
There are also some additional losses when the induction motor is fed by a non-
sinusoidal supply (harmonics and switching losses), such as voltage source inverter, but the 
use of PWM techniques can reduce these losses significantly. In addition, there is no clear 
relationship between harmonic losses and motor flux level. Therefore, and because these 
losses are not important for small size/power induction machines, they will not be included 
in the energy optimal control algorithm. 
5.2.3 Induction motor efficiency and power factor 
The efficiency of the induction motor is the ratio of output power to the input power.  









                                     (5.4) 
with: 
sc rc c meclosses P P P P                                                     (5.5) 
where: 
η is the efficiency  
Pin, Pout are the input and the output power values. 
Pmec are the mechanical losses. 
The power factor of the machine is defined as the quotient of the input power to the volt-






                                                 (5.6) 
By considering that the induction motor fed from sinusoidal balanced three phases power 
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5.3. Efficiency Optimization Methods of IM  
The operating point of IM corresponds to the point where it drives with a full load 
and almost it is efficient at this point. However, there are many applications where the motor 
needs to be driven at different load values. For FOC or DTC controlled drives the motor is 
always fed with rated flux. This condition can be highly undesirable with light loads. Several 
induction motor drive efficiency improvement methods have been reported in the literature. 
In general, they can be divided into power measurement based approach, known by search 
controllers (SCs) and the so-called loss-model based approach. It is also termed as loss model 
controller (LMC) [Udd08]. 
5.3.1 Search control (SC)  
The search controller is preferred by many researchers because the controller action 
works on the principle of input power measurement and does not depend on machine 
parameters. SC adjusts iteratively the control variable (flux or d-axis current) online based 
on the input power measurement until the minimum power is detected for a given torque and 
speed. However, this strategy requires more sensors to carry out these measurements. 
Consequently, this process can be very expensive [Sul88]. To overcome this shortcoming, 
the DC link power is measured instead. It involves the use of one extra current sensor. The 
biggest issue with this approach is that the input power must be accurately measured to avoid 
the appearance of oscillatory response. Also, this kind of controllers is plagued by torque 
ripples [Gar94]. 
5.3.2. Loss model based controller (LMC) 
Unlike search controller, LMC uses the machine losses modeling to find the loss 
minimization criteria which adjust the rotor flux level. For Direct Torque Control (DTC) 
drive, the stator flux linkage can be utilized for loss minimization [Had07; Wan15]. The 
interest advantage of using LMC approach is not exhibiting torque ripples and it is featured 
by fast convergence when it is compared to SC. However, considering that LMC utilizes the 
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5.4 Application of Losses Minimization with Nonlinear DTC Control Scheme  
5.4.1 Induction motor loss model in (d, q) reference frame    
As a summary of the above, the machine losses can be divided into uncontrollable 
and controllable losses. Controllable losses are manipulable by the controlled variables (i.e. 
stator current) while the uncontrollable losses are only influenced by the induction machine 
design [Stu13].  
 
Fig.5.2 Induction motor equivalent circuit in (d, q) frame. 
Fig.5.2 shows the equivalent circuit of induction motor in the (d, q) coordinates 
frame which rotates synchronously with an electrical angular velocity ωs. The equivalent 
circuit includes the effects of the copper and iron losses. The copper losses are represented 
by the stator and rotor resistances Rs and Rr, whereas the iron losses are represented by the 
resistance Rc.  
With the aid of the (d, q) model of induction motor, these losses can be computed as 
in terms of direct and quadratic stator current components isd and isq, as follows: 
Stator copper losses: 
2 2 2( )sc s s s sd sqP R i R i i                                        (5.8) 
Rotor copper losses: 
2 2 2( )rc r r r rd rqP R i R i i                                                                       (5.9) 
Since the rotor currents are inaccessible, they are expressed in terms of the known 
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                                 (5.12) 
According to [Lim04], the stator core losses in (d, q) reference frame are given by: 
 
2 21





                                   (5.13) 
The rotor core losses are very small compared to stator losses and they are mostly neglected. 
5.4.2 Loss minimization algorithm   
The loss model control (LMC) strategy based on minimizing the motor losses in 
steady-state by adjusting the rotor and stator flux to an optimal value to achieve the 
maximum of efficiency and minimize the total losses especially at light load values [Bab97]. 
In our work, the efficiency optimization consists of minimizing the stator and rotor copper 
losses in steady state. The total copper losses expression is given by the sum of stator and 
rotor copper losses: 
_c loss sc rcP P P                                                             (5.14) 
Based on rotor flux and electromagnetic torque expressions in (d, q) rotor field 














                                    (5.16) 
Then, the total losses expression can be written in terms of electromagnetic torque 
and rotor flux: 
2 2
2
_ 2 2 2
s er r
c loss r s
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                                         (5.17) 
The optimal flux can be founded in the steady state by setting the derivative of total 
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 is a function of the 
electromagnetic torque and the machine parameters in field oriented (d,q) system: 
_
* *
r opt opt e
T 
                                                            (5.19) 
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The imposed reference value of rotor flux changes between a minimal to an optimal 
value according to the desired torque value [Reh11]. For the DTC controlled induction motor 





















    
    
                                          (5.21) 
5.4.3 The optimal choice of flux level 
During the application of losses minimization strategy (LMC) the machine operates 
with variable flux level. However, this variation should not exceed the nominal value of the 
flux 
_r nom to avoid saturation of the machine [Bou07]. Also, the flux level should not 
decrease under a minimal level to avoid degrading control performances. 

















                                 (5.22) 
Therefore, the optimum flux is defined in range of flux variation limited by a minimum and 
maximum flux (
_ minr  , _ maxr ) values, this limitation is defined in [Bab97] as: 
_
*
_ min _ maxr optr r                                                 (5.23) 
and 
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Fig.5.3 shows the global block diagram of robust SVM-DTC with efficiency optimization. 
 
Fig.5.3 Block Diagram of SVM-DTC with efficiency optimization strategy. 
5.5 Simulation Results 
The simulation results exhibit the comparative study of the control scheme with 
constant flux reference (1Wb) and optimal flux reference which is generated by LMC 
strategy. The following figures (Figs.5.4-5.9) illustrate the transient and the study state with 
load introduction of 4 N.m at t=0.5s. The figures are specified ((a) for the constant and (b) 
for optimal flux reference). The Fig.5.10 shows the total losses and the efficiency for both 
cases.  
 



























































































Fig.5.5 Stator flux axes components (α, β) [Wb]. 
 
Fig.5.6 Stator flux trajectory [Wb]. 
 
Fig.5.7 Three dimensional (3D) presentation of stator flux trajectory [Wb]. 
 
Fig.5.8 Electromagnetic torque with load application of (4N.m) 














































































































































































































Fig.5.9 Stator phase current isa [A]. 
 
Fig.5.10 Total losses [W] and efficiency. 
Firstly, Figs.5.4-5.6 present the flux magnitude, components and circle trajectory. 
The proposed nonlinear SVM-DTC control strategy with LMC in Figs.5.4(b)-5.6(b) shows 
the optimal flux variation according to the load application contrary to the constant flux of 
(1Wb) in Fig.5.4(a)-5.6(a). We can see that after the transient state, the flux takes an optimal 
value in steady state in order to minimize the losses. Consequently, the optimized technique 
shows its performance. Fig.5.7 shows the evolution of flux trajectory in 3D presentation. 
This figure can explain clearly the optimal flux variation and conclude the main idea of 
optimization principle. Next, in Fig.5.8, the electromagnetic torque is shown. The optimized 
algorithm presents a reducer ripples level especially at no load state. Fig.5.9 illustrates the 
stator phase current. We can notice in Fig.5.9(b) that the proposed technique shows an 
apparent reduction in current amplitude at no load operation owing to the optimal flux 
choice. This reduction in current can reduce considerably the copper losses in this state. 
Then, the Fig.5.10 shows the total losses and efficiency of both control algorithms. We 
deduce that the optimized SVM-DTC with LMC has the lower losses value at no load or at 
light load state. As a result, it provides better efficiency than using a constant flux reference. 
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5.6 Experimental Results  
This section presents a comparative study of nonlinear SVM-DTC with constant and 
optimal flux references into two phases. The figures are specified ((a) for constant flux and 
(b) for optimal flux references).  
5.6.1 Starting up, steady state and load application  
Fig.5.11-5.14 show the starting up and steady state followed by load application of 4 N.m.  
 
Fig.5.11 Stator flux magnitude [Wb] and electromagnetic torque [N.m]. 
 
Fig.5.12 Stator flux components with zoom [Wb]. 
 



















Fig.5.14 Stator phase current [A]. 
Figs.5.11-5.14 show the comparison between the constant and optimal flux 
references. The performed tests are similar to those have been conducted in simulation 
section. Fig.5.11 illustrates the flux magnitude (0.5Wb=1div) and the electromagnetic torque 
(1div=5N.m) during the starting up, steady state, then the load application of 4 N.m. The 
figure shows the comparison between the constant and the optimal flux evolution according 
to load value. It can be observed that the optimized technique has the reducer ripples level 
at no load and light load values. Figs.5.12-5.13 present the stator flux components and 
trajectory in both cases of constant and optimal flux reference in order to clarify more the 
evolution of flux due to load variation. Then, Fig.5.14 illustrates the stator phase current, it 
can be seen during no load operation that the optimal control strategy provides lower current 
amplitude than constant reference based strategy. Hence, the copper losses can be minimized 
in this operation. 
5.6.2 Application of different load values in steady state 
This second phase presents efficiency computing and flux level estimation for both 
cases (i.e. constant and variable flux level) under different light load values, (no load, 0.5 
N.m, 1 N.m, 1.5 N.m and 2 N.m).  
 To understand more the instantaneous variation of flux level, Fig.5.15 presents flux 
evolution and torque response according to load application (0-2 N.m). Fig.5.16 illustrates 
the comparison of the calculated machine efficiency at 1200 rpm of speed and 400 V as input 
voltage. Then, Table 5.1 and Fig.5.17 summarized the efficiency analysis of the IM 








Fig.5.15 Flux and torque according to the applied load value (0-2 N.m). 
 
Fig.5.16 Load variation and Efficiency. 













0 (0%) 1 42 0.4 50.5 
0.5 (7%) 1 60 0.55 64.9 
1 (14%) 1 71.6 0.66 72.1 
1.5 (21%) 1 75 0.75 75.5 
2 (28%) 1 75.5 0.9 76.4 
Table.5.1 Induction motor efficiency analysis under different load values. 
b a 
Load  













Fig.5.17 Curve of efficiency evolution according to different load values. 
 From Fig. 5.16 and the curve in Fig.5.17 and Table.5.1 we deduce the following 
summary: The flux level in case of the nonlinear SVM-DTC optimized by LMC strategy 
increases depending on the increase of load value to achieve the necessary torque. It can be 
seen that the effectiveness of optimization strategy appears clearly at no or small loads, 
referring to the table (0 to about 0.75 N.m). Thereafter, this effectiveness decreases gradually 
with the increase of load value. We observed at 1 N.m load that the difference between 
efficiencies has begun to diminish until their values have approached at 1.5 N.m load. It can 
be concluded that LMC strategy can be useful for low load applications. In addition, it has 
the ability to adjust the flux level for each rated load value. 
5.7. Conclusion 
In this chapter, we have presented a simulation and real time implementation of an 
optimized nonlinear SVM-DTC with model based losses minimization strategy (LMC). The 
proposed control technique has been presented in order to optimize the IM energy. The 
effectiveness and performances of LMC strategy which is based on the choosing of an 
optimal flux reference has been verified and compared with basic technique which is based 
on constant flux reference. The performed tests give similar results. They show that LMC 
reduces losses and improves efficiency at zero and low load operations in steady state.  
Therefore, the coupling of robust DTC-SVM algorithms with LMC and can get higher 
performances and efficiency for induction motor drive. 
In view of the fact, the implemented LMC optimization in this chapter is a 
conventional strategy. But in our view, the association with a robust control to get more high 
performance was an interesting proposition. This point can be improved carefully in future 
works by utilizing intelligent optimizers such as fuzzy logic and particle swarm optimization 






















      
      
      
      
      
      
      
      
      
      
      
      
      
      











This dissertation deals with the enhancement of the direct torque control for 
induction machine. DTC is a control method which offers a decoupled torque and flux 
control for the electrical drives. As an alternative to the vector control, it is featured by 
simple structure, fast torque dynamic and less sensitivity to the machine parameters. 
However, it suffers from the high flux and torque ripples and the variable switching 
frequency. As a result, they lead to an acoustical noise and more control difficulty in low 
speed regions which degrades the performance of the control algorithm. 
The main objective of this thesis is the improvement of the performance of an induction 
motor drive controlled by DTC using various control approaches. In this context, the 
research work has been addressed four principal points concerning the DTC control 
algorithm to be treated: 
1. The reduction of high ripples and harmonics level which caused by the variable 
switching frequency due to the use of hysteresis comparators, 
2. The designing of a nonlinear control law to improve the stability and robustness of 
control scheme while the presence of uncertainties,  
3. The insertion of a sensorless algorithms to limit the number of used sensors in purpose 
of increasing the reliability and reducing the cost of the controlled system,  
4. The association of losses minimization strategy to maximize the energy efficiency of 
the machine.  
Furthermore, all the aforementioned processes have been investigated by simulation 
and hardware experimentation using the real-time interface linked to dSpace 1104 signal 
card. 
Related to the control algorithms of the induction motor, the first chapter has 
presented a state of the art about the main concepts in this field, starting by the classical 
methods, then passing to the nonlinear techniques and the sensorless approaches and ending 
with efficiency optimization strategies. The second chapter has presented a brief theoretical 
about the classical DTC based on switching table and the constant switching frequency DTC 
based on the space vector modulation. The comparative simulation and experimental results 
has shown the apparent effect of using SVM on the reduction of flux/torque ripples and 
current harmonics.  




In spite of the provided improvement of the SVM-DTC scheme, due to its 
dependence on the PI controllers, it can expose the control system to the risk of wasting its 
stability and robustness. Subsequently, the third chapter has presented a proposed robust 
control included the injection of nonlinear control law on SVM-DTC. The nonlinear control 
strategy consists of combining the input-output feedback linearization with first and second 
order sliding mode control. The feedback linearization ensured a decoupled control without 
need of flux orientation or coordinates transformation. This has reduced the complexity of 
control scheme. The sliding mode control has been used to offer an accurate reference 
tracking and robust control in the presence of uncertainties or parameters variation. 
Moreover, the second order sliding mode controller based on super twisting algorithm has 
been applied in the outer speed loop instead of the conventional PI controller to enhance 
compressively the control stability and robustness against external load disturbance. 
Furthermore, it can eliminate the phenomenon of chattering which made by the first order 
SMC and keep its same good performance like fast dynamic and simplicity. The simulation 
and experimental results have illustrated also to support the proposed nonlinear DTC 
algorithm.     
The fourth chapter has presented a design of various sensorless algorithms which 
linked to the nonlinear DTC control scheme to estimate speed, flux and applied load torque. 
Two observer structures have been presented. Firstly, an adaptive observer based on 
Lyapunov theory and inherently sliding mode observer which did not take the speed as 
adaptive quantity. The comparative results have shown that the SMO offered an accurate 
estimation in different operation conditions, such as speed reversal and low speed values. 
Due to its simple design, where the speed estimator is separated from the main observer’s 
body, the speed estimation preserved good accuracy. After that, a conjunction between a 
proposed stator flux based MRAS and SMO has been presented to improve stability and 
estimation accuracy of senseless control in low speeds.  Finally, the fifth chapter has 
presented a simple efficiency optimization which has been associated to the nonlinear 
sensorless control. LMC strategy is featured by simplicity and has the ability to minimize 
losses at light load operating by adjusting the level of the produced flux.  
The last presented technique was a complement improvement to get more 
performance for the developed algorithm which has treated various issues in one control 
scheme, like smooth robust control, accurate estimation and optimized energy to the 
induction machine. Moreover, we have taken into account carefully the degree of 




complexity of our algorithm due to limitation and constraints in the real system especially 
the calculation power of the processor.   
Future prospect 
For the continuity of research, the future work could be oriented to a vaster area in 
this field, among our perspectives: 
 Passing to another sophisticated control strategy like the Model Predictive Control 
(MPC) which can guarantee low level of harmonics. 
 Expansion in the application of the high order sliding mode approach for control and 
observers design. 
 Improvement of the losses minimization strategies using intelligent optimizers such 
as the fuzzy logic and PSO, also of variables states using dynamic programing   
 Development of control strategies for the induction motor under faulty system 
condition (Fault tolerant control). 
 Development of control strategies for multiphase induction machines.  
 Improve the hardware implementation ground by the use of the Field Programmable 
Gate Array (FPGA) instead of dSpace 1104 signal card. The new FPGA technology is 
featured by very high sampling frequency and it can be offered with lower cost. 
      
      
      
      
      
      
      
      
      
      
      
      








A.1 Appendix 1: Dynamic Modelling of Induction Machine 
A.1.1 Description of the induction Machine  
The induction machines are rugged, cheap to produce and easy to maintain. They can 
run at a nearly constant speed from zero to full load. The design of an induction motor is 
relatively simple.  It consists of two main parts, a stationary stator and a rotating rotor. There 
are two main classes of the induction motor according to their rotors constitution. The wound 
induction motor and the squirrel cage induction motor.  
The motor which discussed in this thesis is a three-phase squirrel cage induction 
motor. The rotor of a squirrel cage induction motor consists of aluminum bars which are 
short circuited by connecting them to two end rings so that rotor generates the induction 
current and magnetic field by itself. This makes the AC induction motor a robust and strong 
candidate for motor drive systems. Fig.A.1 shows a Cross section of the squirrel cage 
induction machine. 
 
Fig.A.1 Cross section of the squirrel cage induction motor (Copyright granted, 2012, 
ABB) 
The stator of an induction machine is composed of three windings, coupled in star or 
in triangle. The rotor of the machine will be considered to support a winding, similar to the 
one of the stator with the same number of poles.  
A.1.2 Hypotheses 
The modeling of the AC electrical machine generally relies on several hypotheses. 
These hypotheses will allow adding the fluxes to the different currents, using proper constant 
inductions, characterizing couplings by sinusoidal variations of the mutual inductions and 
representing induction flows by a spatial vector. They allow also to modeling the system 




The main hypothesis consists in assuming that the magnetomotive forces created by 
stator and rotor phases are distributed in a sinusoidal way in the air gap, when those windings 
are crossed by a constant current.  The machine air gap is also supposed to have a uniform 
thickness. The notching effects which generate space harmonic are ignored. 
Another hypotheses about the physical behavior of the materials also are expressed: 
❖  Linear magnetic characteristic (no saturation). 
❖ The skin effect is not taken into account. 
❖ Temperature effect, hysteresis phenomenon, and eddy currents are neglected. 
A.1.3 Equivalent representation and vector formulation 
The machine is represented by three-phase equivalent circuit associated to the stator 
and to the rotor as shown in Fig.A.2. 
 
Fig.A.2 Induction motor equivalent structure. 
The studied machine is described in the space by three identical windings for the 
stator phases whose are distant two by two of an electrical angle equal to 2/3. In addition, 
three rotor windings whose axes are equally distant between themselves of an electrical angle 
equal to 2/3 rotating at the mechanic speed ωr. The modeling process consists of applying 
the electromagnetic laws to the different windings and the motion equation to the rotor 
carrying the load [Fou13]. The application of the electromagnetic laws yields to six voltage 
equations and six flux equations. 
A.1.3.1 Voltage equations 
 0
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A.1.3.2 Flux equations 
 
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The subscripts s and r refer to the stator and the rotor, respectively, and the indices 
a, b, and c refer to the three phases. A direct consequence of the machine perfect symmetry 
is that all resistance and inductance matrices are symmetric as given below: 
 
0 0 0 0
0 0 ; 0 0
0 0 0 0
s r
s s r r
s r
R R
R R R R
R R
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   
       
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                      (A.3) 
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                     (A.4) 
where: 
Rs and Rr are the stator and the rotor resistances.  
Ls and Lr are the self-inductances. 
Ms and Mr are the mutual inductance between two stator phases and rotor phases. 
Also, based on the given hypothesis above, the mutual inductances between the rotor 
and the stator are taken as sinusoidal functions of the rotor position θ as following: 
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                    (A.5) 
Msr is the maximal mutual inductance between the stator phase and the rotor phase. 
A.1.3.3 Mechanical Equations 
The rotor motion can be described by the following second order differential equation: 
r
e L r
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ωr, Te and TL are the rotor speed, the electromagnetic torque and the load torque respectively. 




A.1.4 Park transformation  
This approach has been presented to simplify the study of AC machines by 
transforming the three phase variables (voltages, currents, and flux) from fixed reference 
frame (stationary) to a rotating frame (synchronous) defined by the Concordia/Clarke and 
Park transformations. These transformations are used to reduce the complexity of the 
differential equations describing the behavior of the AC machines by eliminating time-
varying terms [Glu15].  
The transformation from a three-phase stationary frame to a two-phase direct-
quadrature (d, q, o) frame is referred by Park transformation. This transformation can be 
decomposed in two transformations. A first one, from a fixed three-phase system to a fixed 
two phase system which is known by Clarke or Concordia transformations. Then, a 
transformation from a fixed two-phase to a rotating two-phase frame associated to a rotating 
variable (mechanical position and flux, for instance). The (d, q, o) transformation can reduce 
three AC variables (voltages, currents, …) to two DC variables. 
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2 2
cos( ) cos( ) cos( )
3 3
















                                            (A.8) 
where θ is the angle between the axis-a of the three-phase frame and the axis-d of the rotating 
reference frame, and n is the ratio between the amplitude of the three-phase system variables 
(xa, xb, xc) with the amplitude of the corresponding two-phase system variables (xd, xq, x0).  
k is a constant. 
A.1.4.1 Amplitude and power preserving transformations 
We define two different Park transformations, Park transformation preserving 
amplitude and Park transformation preserving power. 
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                      (A.9) 
For preserving power transformation 
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                                (A.10) 
The inverse transformations preserving amplitude and power are given respectively by: 
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A.1.4.2 The Clarke/Concordia Transformation 
By choosing θ= 0, in the Park transformation (A.9) and (A.10), the resulting matrix 
P(0) are given respectively: 
1
1 11 1 0 12 2
2 3 3 1 30 1
3 2 2 2 2
1 1 1 1 3 12 2 2 2 2
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                 (A.14) 
The matrix C is known as Clarke transformation and the matrix Co is known as 




into two-phase orthogonal quantities by keeping the amplitude of the variables and the power 
is not kept, contrary to Concordia transformation which preserves the power. 
Park transformation can be expressed in terms of the Clark/Concordia transformation 
and a rotation matrix R(θ) as:  
( ) ( )P R C                          (A.15) 
where:  
cos( ) sin( ) 0









                      (A.16) 
Fig.A.3 represents the passage of three-phase system to the equivalent two-phase fixed 
system (α, β) then to the rotating frame (d, q)  
 
Fig.A.3 The passage of three-phase to two-phase system using Park transformation. 
A.1.5 Two-phase models of induction machine 
The three-phase model of the IM is simplified by applying Park transformation, 
where all expressed terms in the three-phase frame (a, b, c) are rewritten in terms of (d, q, 
o). The perfect symmetry of the induction motor implies that the sum of the currents is null.  
Depending on the choice of θ several two-coordinate frames exist, the two most 
common in the literature are the fixed reference frame (α, β) (i.e. stationary frame connected 
to the stator) and the rotating reference frame (d, q).  
The passage from the three-phase frame (a, b, c) to the fixed (α, β) frame is 
accomplished by setting angle θ=0, in the transformation matrix (A.10), which mean the use 
of Clark/Concordia transformations instead of Park transformation.  
The passage from the three-phase frame (a, b, c) to the rotating frame (d, q) is 


















A.1.5.1 Voltage and flux equations in (d, q) frame 
By applying the transformations to the induction machine equations (A.1) and (A.2), it yields 
the following (d, q) equations: 
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Similarly, the flux equations are given as: 
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                      (A.20) 
A.1.5.2 Mechanical Equations 
The dynamic equation of the IM is given by the following: 
r
e L r
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The electromagnetic torque is calculated in (d, q) frame using the electric power and 
the rotor speed, then the expression of torque basing on power preserving Park 
transformation is given by: 
( )sre rd sq rq sd
r
M
T p i i
L
                           (A.22) 
The electromagnetic torque can also be expressed in the following term: 




 The model of the induction machine expressed in the rotating frame (d, q) is often 
used for the field oriented control design, contrariwise, the direct torque control uses the 
fixed (stationary) frame (α, β). 
A.1.6 IM model in state space representation 
 For the conception of the motor control, it is interesting to choose the stator current 
components as state variables. In fact, this current as well as the flux components will be 
controlled and they can be easily obtained. The state space representation consists of 
determining only the differential equations that allow to express these variables by 
integration with intermediary mathematical relations [Rob12]. 
 There are various mathematical formulations of the machine state model depending 
on the control system need. The common model takes the stator current and the rotor flux 
components as state variables which used to elaborate the rotor flux-oriented control. 
Another state model of IM which has been recommended in this thesis for control and 
observers conception takes the stator current and stator flux components as state variables. 
It can be written in the stationary axes reference frame as the following: 
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A.2 Appendix 2: PI controller’s gains calculation 
A.2.1 PI speed controller design  
  The used PI controller in the outer speed loop for all control schemes is the anti-
windup controller. The dynamic equation and the transfer function using Laplace transform 
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Kp and Ki are the proportional and integral gains. 
s is Laplace operator  
Then, Fig.A.4. shows the block diagram of the speed control loop. 
 
Fig.A.4 Speed control loop. 
By considering the load torque TL as a disturbance. The global transfer function of 
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By identification member to member, the denominator of the equations (A.31) with the 
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where ωn is the natural frequency and ξ is the damping coefficient. 
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The gains are determined for a damping coefficient ξ = 1. 
A.2.2 PI controllers design for stator flux oriented SVM-DTC 
The following equations express the stator field oriented machine model: 
s
sd s sd
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The electromagnetic torque is given by: 
e s sqT p i                                          (A.35) 
Then, the rotor currents and rotor fluxes can be expressed respectively as: 
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A.2.2.1 Design of PI flux controller  
The relationship between the stator flux and direct voltage component Vsd can be 
expressed by using the (d, q) frame voltage model and Laplace transform as following 
[Seb11]: 
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By expressing the direct current components Ids according to the quadratic 
components Iqs and the stator flux, the stator voltages become: 
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The stator flux control loop is presented in Fig.A.5. 
 
Fig.A.5 Block diagram of the stator flux control loop. 
A.2.2.2 Design of PI torque controller  
The relationship between the electromagnetic torque Te and stator pulsation ωs can 
be achieved as following. From Eq (A.38), the quadratic current component Isq can be 
written as: 
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where: 
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and the electromagnetic becomes: 
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Basing on the principle of the direct torque control, when the stator flux is maintained 
constant, the electromagnetic torque becomes proportional to the slip angular speed 
[Bou09]. Therefore, with the small values of the slip angular speed, Eq (A.42) can be written 
as: 
( ) ( )( (s) ( ))
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Consequently, the machine torque can be regulated by controlling ωs with taking the rotor 
speed ωr as a disturbance as shown in Fig.A.6. 
 
Fig.A.6 Block diagram of the torque control loop. 
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A.3 Appendix 3: Real Time Implementation of the Induction Motor Control 
A.3.1. General description of the experimental setup: 
The experimental setup of the induction motor electrical drives has been designed 
and constructed in order to check and validate the simulation results of the presented theory. 
As we mentioned in the chapter 2, the real-time control was conducted in the LGEB 
laboratory of Biskra which equipped by dSpace 1104 board.  
The implementation ground of induction motor drive is shown in Fig. A.7.  
 
Fig.A.7 Presentation of the experimental setup.  
The experimental setup is essentially composed of: 
1. A squirrel cage IM of 1.1 kW. 
2. Power electronics Semikron converter composed of a rectifier and an IGBT inverter.  
3. Position and speed sensor (incremental encoder).  
4. dSpace DS 1104 signal card.  
5. Control desk/Matlab/Simulink software plugged in personnel computer.  
6. Magnetic powder brake with load control unit. 
7. Hall type current sensors.  
8. Voltage DC-link sensor. To reduce the cost of the control system, the phase voltages will 
be estimated from DC-bus voltage and inverter switching states (Sa, Sb, Sc) instead of the 
using three voltage sensors.  






A.2.2 Induction motor characteristics 
The parameters of the used three-phase induction motor in simulation and real time 
implementation have obtained through an experimental identification using conventional 
methods [Fat10]. The nameplate of the machine is shown in Fig.A.8 and the parameters are 
shown in SI units in the Table.A.1 
 
Fig.A.8 Induction machine’s nameplate 
Machine’s Power 1.1 kW 
Stator resistance Rs = 6.75 Ω 
Rotor resistance Rr = 6.21 Ω 
Stator inductance Ls = 0.5192H 
Rotor inductance Lr =0.5192H 
Mutual inductance Msr= 0.4957 H 
Number of pole pairs p=2 
Friction coefficient  f=0.002 SI 
The moment of inertia J = 0.01240 kg.m2 
Rated voltage Vs = 220/380 V 











A.3.3 Digital control implementation 
A.3.3.1 DSpace 1104 controller and interface board  
The dSpace 1104 board is an input-output (I/O) interface between the power 
electronics and the software part which is MATLAB/Simulink/Controldesk [Dsp12]. For 
each sampling period, the dS1104 receives the input signals from sensors (currents, voltages 
from ADC ports and speed from encoder through INC ports) and generates the digital control 
signals. These signals are provided by MATLAB/Simulink program with real-time interface 
(RTI), where the I/O ports of dS1104 are accessible in Simulink’s library.  
The dSpace DS1104 controller board is shown in Fig.A.9. The main processor of 
DS1104 is MPC8240 with PowerPC 603e core of 250 MHz. It has a memory of 32 MByte 
synchronous DRAM (SDRAM) and 8 MByte boot flash for applications. 
 
Fig.A.9 dSpace DS1104 Controller. 
It is characterized by 8 analog-to-digital converters (ADCs) (4 in 16 bits, 4 in 12 
bits), 8 digital-to- analog converters (DACs) with 16 bits which can deliver an analog voltage 
between 10V and +10V, a serial link, 2 incremental encoders, 20 digital inputs/outputs, a 
slave DSP (TMS320F240) and 3 independent 32-bit timers. The architecture of DS1104 is 
presented in Fig.A.10.  
 




The real-time interface of dSpace 1104 board which linked to the power converter is 
shown in Fig.A.11. 
 Fig.A.11 dSpace 1104 interface board.  
The execution of the program inside the DSP of dS1104 board converts it into a real-
time system on the hardware (dSpace 1104 RTI) after it was in the software (Simulink) 
[Ngu13; Dsp12].  In addition, it gives us the access to adjust all Simulink variables in real 
time in order to obtain a satisfied control behavior [Mun11]. The sampling frequency of 
dSpace 1104 can reach to 20 kHz. The suitable choice of sampling frequency has an apparent 
influence on quality of signals, especially the phase current and the produced 
electromagnetic torque.  
Fig.A.12 shows a descriptive diagram of experimental setup and software/hardware linkage. 
 
Fig.A.12 Descriptive block diagram of the dSpace based experimental setup. 







A2.3.2 Controldesk window 
The Controldesk software has the ability to create instrument panels to control, 
display and plotting possibilities. In addition, by connecting the Simulink variables (i.e. 
Reference signals, parameters, gains of controllers…etc.)  to plotters, slide bars, displayers, 
it gives us the access to adjust all these variables in real time in order to obtain a satisfied 
control behavior [Mun11]. Fig.A.13 shows Controldesk instrumentation panel which used 
for our experiments. 
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